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Abstract 
 
Alloy coated steel is one of the main raw materials of automobile, appliance and 
construction industries. Binary or ternary mixtures of zinc (Zn), aluminum (Al) and 
magnesium (Mg) are the most frequently used alloy coatings to increase the corrosion 
resistance of steel. In most cases the steel sheets are additionally coated with polymeric 
layers like paints or adhesives. 
The design and development of corrosion resistant polymer/zinc interfaces are of high 
importance for organically coated or adhesively bonded galvanized steel substrates [1–4]. 
The aim of the present work is to contribute towards a better understanding of the 
corrosion mechanisms on zinc alloys and to investigate, based on this fundamental 
knowledge, the applicability of organophosphonic acids for corrosion protection and 
adhesion promotion on novel Zn–Mg–Al alloys. Even though there is extensive amount of 
data in the literature on the macroscopic corrosion properties and corrosion resistance of 
zinc alloy coatings, initial stages of the corrosion processes and the influence of the 
microstructure of the alloy coating on the corrosion mechanisms is not clarified so far. The 
chapters 5 – 7 are thus devoted to the analysis of initial stages of corrosion processes by 
means of in–situ Raman spectroscopy. The influence of the pH and the variation of the 
electrolyte exchange rate were investigated. 
Moreover, the adsorption and stability of organophosphonic acid monolayers on plasma 
modified Zn–Mg–Al alloys was studied by means of spectroscopic and microscopic 
techniques. The chemical composition of the plasma treated surfaces and the influence of 
reducing and oxidizing plasma modifications on the corrosion resistance of zinc magnesium 
aluminum alloy surfaces was analyzed by means of XPS and cyclic voltammetry, respectively. 
Furthermore, aminopropylphosphonic acid was investigated as a short–chain bi–functional 
adhesion promoter between a plasma modified zinc magnesium aluminum alloy coated steel 
and an epoxy amine adhesive. By means of X–ray photoelectron spectroscopy (XPS) analysis 
and scanning Kelvin probe (SKP), plasma induced changes of the passive layer were 
demonstrated. 
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1 State of research and motivation 
 
The corrosion resistance and the adhesion strength of organic coatings on oxide covered 
alloys are mainly determined by the surface composition of the alloy, the composition of the 
organic coating and the interface chemistry between the surface oxides and the coating [1; 
5–7]. To be able to substitute surface treatment technologies with high environmental 
impact such as anodizing or conversion chemistry, new adhesion promoting, ultra–thin films 
of inorganic or organic compounds have been investigated as advanced interfacial layers for 
polymer coated aluminum alloys [8–12] and zinc coated steel [1; 3; 5; 13; 14].  
The corrosion mechanisms on alloy coated steel depend strongly on the pH and the CO2 
amount in the electrolyte where carbonate species can form at high pH. Moreover, the 
chloride concentration and the cations play an important role in the kinetics of the corrosion 
[15–54]. The presence of defects in the organic coating can cause the corrosive electrolytes 
to reach the alloy surface which lead to delamination processes. The delamination process of 
painted zinc coated steel sheets is influenced by various factors such as the water and 
oxygen permeability of the coating and the adhesion of the coating to the metal oxide 
surface. 
Newly developed Zn–Mg–Al alloys provide increased corrosion protection both with and 
without an additional polymeric coating in comparison to pure zinc [17; 31; 33; 55–59]. Their 
surface is covered by a thin oxide film that is mainly composed on MgO, Al2O3 and ZnO and 
their hydroxides [42; 55; 60; 61]. These thin films exhibit special electronic properties that 
make them suitable for the direct application of thin organic coatings without the need for 
application of a chemical conversion process [10; 55; 60]. Characterization of Zn–Mg alloy 
surfaces and the delamination of organic coatings by means of a scanning Kelvin probe were 
reported by Rohwerder et al. [41; 60]. It was shown that potentials more negative than the 
free corrosion potential of zinc can be observed under atmospheric conditions with and 
without a polymer coating. Surface plasma modification [10; 55] and the formation of self–
assembled monolayers on metals [10; 55; 62; 63] have been established as surface 
technologies which do not lead to chemical etching of the metal substrate. Grundmeier et al. 
illustrated how oxide–covered iron and zinc can be modified with regard to their surface 
chemistry and oxide thickness [64; 65]. Plasma treatment of stainless steel was investigated 
State of research and motivation 
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by Kalin et.al. [66]. They showed a strong plasma effect on the microhardness of the surface 
and layers of 40–60 pm in depth. Very recently, Giza and Grundmeier have shown that Zn–
Mg alloy surfaces can be adjusted in their surface potential very effectively by application of 
reducing and oxidizing plasma treatments [55]. 
 
Figure 1.1: Schematic overview of the scientific approach followed in the 
present study. 
 
The aim of the present work is to contribute towards a better understanding of the 
corrosion mechanisms on zinc alloys and to investigate, based on this fundamental 
knowledge, the applicability of organophosphosphonic acids for corrosion protection and 
adhesion promotion on novel Zn–Mg–Al alloys (Figure 1.1). Even though there is extensive 
amount of data in the literature on the macroscopic corrosion properties and corrosion 
resistance of zinc alloy coatings, initial stages of the corrosion processes and the influence of 
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the microstructure of the alloy coating on the corrosion mechanisms is not clarified so far. 
The chapters 5 – 7 are thus devoted to the analysis of initial stages of corrosion processes by 
means of in–situ Raman spectroscopy. The influence of the pH and the variation of the 
electrolyte exchange rate were investigated. 
The adsorption and stability of phosphonic acids on plasma modified Zn–Mg–Al alloys was 
studied by means of spectroscopic and microscopic techniques. The chemical composition of 
the plasma treated surfaces and the influence of reducing and oxidizing plasma 
modifications on the corrosion resistance of zinc magnesium aluminum alloy surfaces were 
analyzed by means of X–ray photoelectron spectroscopy (XPS) and cyclic voltammetry, 
respectively. 
Furthermore, aminopropylphosphonic acid was investigated as a short–chain bi–functional 
adhesion promoter between a plasma modified zinc magnesium aluminum alloy coated steel 
and an epoxy amine adhesive. By means of XPS analysis and scanning Kelvin probe (SKP), 
plasma induced changes of the passive layer were demonstrated. 
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2 Fundamentals 
 
Zinc coatings protect the underlying steel in various ways. In generally, the zinc coating acts 
a barrier layer and separates the steel from the corrosive environment. Zinc itself acts as a 
sacrificial anode to galvanically protect the underlying steel at defects, scratches and cut 
edges of the zinc coating [44–46; 53]. 
This chapter deals with the corrosion of zinc and its alloys, adhesion and corrosive 
deadhesion of coatings and the functionalization of the metal surface by monolayers to 
increase the corrosion resistance. 
 
2.1 Corrosion of zinc and zinc alloy coated steel 
 
Zinc exposed to the atmosphere is covered by a thin and amorphous layer of zinc oxide/ 
hydroxide and when immersed in an electrolyte, these pores play the role of local anodes. 
Many tests have been established to compare the corrosion properties of Zn alloys under 
various experimental conditions [15–54]. 
Corrosion tests can be classified into two main groups, depending on the type of the chosen 
corrosive load. The first group of tests is conducted under atmospheric conditions. The most 
common atmospheric corrosion test is the salt spray test simulating discontinuous but 
repetitive exposure of the samples to corrosive electrolyte [31; 32]. The second group of 
tests is conducted in immersion mode and simulates the continuous exposure of the 
samples to the corrosive electrolyte. Salt spray and immersion tests are today the standard 
testing procedures of automobile and marine industries, respectively. 
 
2.1.1 General corrosion mechanism under atmospheric conditions 
 
In studies performed under atmospheric conditions, the electrolyte composition, humidity, 
temperature, CO2 amount was varied and the influence of the cations on the corrosion 
mechanism was investigated [16–18; 24–32; 59; 67]. In Figure 2.1 an overview of the 
observed corrosion products on pure zinc is presented. 
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Figure 2.1: General overview of solid corrosion products on pure zinc observed 
with different electrolyte under atmospheric conditions and long–time 
exposure. 
 
The chloride containing electrolytes lead to the building of simonkolleite (Zn5(OH)8Cl2 · H2O). 
Lindström et al. [29] exposed zinc samples with deposits of chlorides and sulphates of 
sodium, magnesium, ammonium, and zinc to humid air at relative humidity of 95%, 
temperature of 22° C and carbon dioxide (CO2) concentration of 350 ppm. The highest metal 
loss occurred for the samples treated with sodium chloride (NaCl) and sodium sulphate 
(Na2SO4). In the presence of these two salts, a mixture of corrosion products containing large 
amounts of carbonate was formed. In contrast, the samples treated with other salts 
primarily formed zinc hydroxychloride (Zn5(OH)8Cl2 · H2O) or zinc hydroxysulphate 
(Zn4SO4(OH)6 · H2O) in the presence of chlorides and sulphates. The different behavior 
between sodium, and magnesium and zinc salts was explained by inhibition of cathodic 
reaction in the presence of Zn2+ and Mg2+. These cations form less soluble salts tend to 
precipitate in a form of hydroxide, oxide, or hydroxy salts in the cathodic areas, which are 
consequently blocked and unable to act as cathodes. It was also shown that the corrosion 
rate of zinc in the atmosphere was related to the amount of sodium present on the surface, 
rather than the amount of chloride or sulphate. 
The influence of CO2 and SO2 on initial corrosion and secondary spreading effects during 
NaCl particle induced corrosion on zinc was investigated by Chen et al [25]. The secondary 
pure zinc 
Zn5(OH)8Cl2 · H2O,  
Zn5(OH)6(CO3)2, Na2CO3 
Zn5(OH)8Cl2 · H2O, 
ZnO, Na2CO3 
NaCl +  
<5ppm CO2 [19] 
ZnSO4,  
Na2SO4  
NaCl + 350 ppm CO2 [19] or 
NH4Cl [34] or NaCl [23] or 
ZnCl2 [23] 
NaCl +250 ppb SO2  
+<5ppm CO2 [19] 
Zn5(OH)8Cl2 · H2O, 
CaCO3 
CaCl2 [23] 
Zn5(OH)8Cl2 · H2O (Mg modified), 
ZnO, non–reacted MgCl2 · H2O 
MgCl2 [23] 
Zn4(OH)6SO4 · H2O,  
Zn4(OH)6CO3  
Na2SO4  [23] 
(NH4)2SO4 [23] or  
ZnSO4 [23] or  
MgSO4 [23] Zn4(OH)6SO4 · H2O 
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spreading effect which occurs upon introduction of humid air on NaCl deposited zinc 
surfaces was strongly dependent on the CO2 and SO2 content of the introduced air. Ambient 
level of CO2 (350 ppm) resulted in a relatively low spreading effect, whereas the lower level 
of CO2 (<5 ppm) caused a much faster spreading over a larger area. The corrosion decreased 
slightly for NaCl contaminated surfaces when SO2 was present. This was explained in the 
report of Svensson et al. [67] by precipitation of zinc hydroxysulphate which decreased the 
corrosion rate via blocking of the anodic and cathodic sites.  
At <5 ppm CO2, the corrosion was shown to occur more localized, with the formation of 
simonkolleite (Zn5(OH)8Cl2 · H2O), zincite (ZnO) and sodium carbonate (Na2CO3), and a larger 
effective cathodic area. At 350 ppm CO2, the corrosion products simonkolleite, hydrozincite 
(Zn5(OH)6(CO3)2) and sodium carbonate and the formation of a larger anodic area was 
observed. Sodium carbonate was mainly formed in more alkaline areas, in the inner edge of 
the electrolyte droplet and in the secondary spreading area. Oxidation of sulphur and 
concomitant sulphate formation was enhanced in the presence of NaCl particles, due to the 
formation of a droplet, the separation of the anodic and cathodic areas and the 
accompanying differences in chemical composition and pH in the surface electrolyte. 
The effect of different cations on the atmospheric corrosion of carbon steel and zinc was 
performed by Prosek et al [16], to understand better the role of cations in corrosion 
processes on metal surfaces being in contact with wet air. The corrosivity of cations of 
chloride salts for zinc increased in order of Mg2+ < Ca2+ < Na+. The higher corrosion resistance 
of zinc treated with calcium and magnesium chlorides was connected to prevention of 
formation of hydrozincite during zinc exposure in wet air. It was observed that zinc weight 
loss and the carbonate to simonkolleite ratio in corrosion products were correlating well. 
The principal protective effect of bivalent cations can be seen in the decrease of pH of the 
surface electrolyte, which was caused by hydrolysis of such cations and subsequent 
formation of simonkolleite which blocked the cathodic sites. 
Furthermore, model zinc–magnesium alloys containing 1–32 wt.% magnesium were 
analyzed in comparison to pure zinc and pure magnesium [17]. The samples were 
contaminated with sodium chloride and exposed to humid air for 28 days. The composition 
of corrosion products was analyzed by means of infrared spectroscopy (FTIR), ion 
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chromatography (IC), and Auger electron spectroscopy (AES). The corrosion products 
identified on the samples are listed in Table 2.1.  
 
Table 2.1: Composition of corrosion products on Zn, Zn–Mg, and Mg 
contaminated with chloride after exposure to humid air [17]. 
substrate wt% corrosion products 
pure Zn 100% Zn hydrozincite [Zn5(OH)6(CO3)2], simonkolleite [Zn5(OH)8Cl2 · H2O], sodium carbonate [Na2CO3] 
ZnMg1 99% Zn, 1% Mg hydrozincite [Zn5(OH)6(CO3)2], (less) simonkolleite [Zn5(OH)8Cl2 · H2O] 
ZnMg2 98% Zn, 2% Mg 
hydrozincite [Zn5(OH)6(CO3)2],  
(traces of) simonkolleite [Zn5(OH)8Cl2 · H2O] 
ZnMg4 96% Zn, 4% Mg 
hydrozincite [Zn5(OH)6(CO3)2],  
(traces of) simonkolleite [Zn5(OH)8Cl2 · H2O] 
ZnMg6 94% Zn, 6% Mg hydrozincite [Zn5(OH)6(CO3)2] 
ZnMg8 92% Zn, 8% Mg hydrozincite [Zn5(OH)6(CO3)2] 
ZnMg16 84% Zn, 16% Mg hydrozincite [Zn5(OH)6(CO3)2], magnesite [MgCO3] 
ZnMg32 68% Zn, 32% Mg 
brucite [Mg(OH)2], magnesite [MgCO3],  
possibly sodium carbonate [Na2CO3] 
pure Mg 100% Mg magnesite [MgCO3], nesquehonite [MgCO3 · 3H2O] 
 
For all of the analyzed Zn–Mg alloys with deposited sodium chloride, Zn–based corrosion 
products dominated in the outer layer of the surface film. They were mixed with a 
substantial quantity of oxidized magnesium, which was higher than Mg content in the bulk 
alloys. The relative quantity of oxidized magnesium increased with the depth. They showed 
that Mg–based products formed an intermediate layer at the oxide/metal interface. The 
improved corrosion resistance of zinc–magnesium alloys was claimed to be connected with 
the formation of a magnesium–based film on the metal surface, which ensures stable 
passivity in chloride environment and limits the efficiency of oxygen reduction. 
Two explanations for the enhanced corrosion performance of PVD produced Zn–Mg coatings 
in chloride containing environment is given by Kawafuku et al. [68]: the formation of a dense 
layer of simonkolleite,Zn5(OH)8Cl2 · H2O, plus the long lasting cathodic protection of the 
novel coating during corrosion. As mentioned earlier, simonkolleite is believed to improve 
corrosion resistance properties and was detected on electrogalvanized samples together 
Fundamentals 
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with zinc oxide. However, on Zn–Mg coated samples produced via PVD only simonkolleite 
with no additional corrosion product was detected. 
Morishita et al. [69–71] carried out X–ray diffraction measurements on Zn–Mg coated 
corrosion test panels dipped in 5 wt.% sodium chloride solution and found magnesium 
oxide, beside zinc oxide, zinc hydroxide and simonkolleite on the surface. Comparative 
samples of pure magnesium, exposed to the same conditions as the Zn–Mg coated 
specimen, showed magnesium hydroxide as the only corrosion product. Due to the fact that 
magnesium hydroxide is very porous and non–adherent, this corrosion product will not 
provide sufficient corrosion protection and has no influence on the enhanced corrosion 
performance. The authors suppose magnesium oxide to play an important role in the 
corrosion mechanism, mostly because of morphological rather than chemical effects. 
In a later study, a Zn–Mg coating produced via PVD technique was tested in a standard 
automotive laboratory corrosion test comprising salt spraying, drying and humidity cycles 
[28]. They found a suppression of corrosion because of the formation of simonkolleite layers 
on the surface which acts as a barrier for further corrosive attacks. Moreover, the oxygen 
reduction at cathodes is suppressed by the formation of magnesium hydroxide, Mg(OH)2, 
which is transformed into a carbonate–containing hydroxide in a next step. 
Tsujimura et al. [72] analyzed the behavior of Zn–Al–Mg coatings exposed to a cyclic 
corrosion test including alternating periods of salt spraying, drying and humidity. The system 
containing 6 wt.% aluminum and 3 wt.% magnesium showed the best corrosion 
performance of all samples and simonkolleite was detected as the only corrosion product. 
Systems containing 4.5 wt.% aluminum and 0.1 wt.% magnesium also form zinc oxide and 
zinc hydroxide beside simonkolleite. The authors assume that, among others, the main 
reason for the enhanced corrosion performance is the formation of a magnesium–containing 
simonkolleite species. 
Investigations on artificial rust particles synthesized from aqueous solutions dissolving ZnCl2, 
AlCl3 and MgCl2 were carried out by Ishikawa et al. [73]. The formed rust consists of mixed 
hydroxide chlorides of Zn(II), Al(III) and Mg(II) [Zn(II)wAl(III)xMg(II)y](2w+3x+2y)+ (OH)2w+3x+2yz Clz · 
nH2O and appears in form of plate particles. Their ability to agglomerate in a dense, compact 
layer is suggested to be the main reason for the enhanced corrosion resistance of Zn–Al–Mg 
alloys. 
Fundamentals 
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Schuerz et al [31; 32] studied the corrosion behavior of Zn–Al–Mg coatings prepared by hot–
dip galvanizing. Conventional hot–dip galvanized zinc coated (Z) and novel hot–dip 
galvanized Zn–Al–Mg alloy coated (ZM) steel sheet samples with a coating thickness of 7 µm 
were exposed to standardized salt spray test and cross–sections of the corrosion samples 
were analyzed by using SEM and EDX. They observed that Z corrosion proceeds very fast and 
the steel substrate was attacked even after 100 h of exposure. ZM samples showed a 
different behavior where the entire metallic ZM coating was converted into a stable, 
adherent aluminum–rich oxide layer, which protected the steel substrate against corrosive 
attacks. This layer was claimed to be the main reason for the enhanced corrosion resistance 
of the ZM coating in sodium chloride–containing environment.  
 
2.1.2 General corrosion mechanism under full immersion 
 
To study in more detail the corrosion mechanism immersion corrosion tests in chloride 
containing environment were performed. The stability of the corrosion products was shown 
to depend on the chloride concentration and the pH (Figure 2.2). 
 
Figure 2.2: Stability diagram of zinc corrosion products taken from Reference 
[21]. 
 
Feitknecht [74–76] developed a theory of corrosion in chloride containing aqueous solution 
by means of investigating local micro–electrodes and studied the appearance of corrosion 
products in different zones, associated to local variations of pH. The complexity of the redox 
reactions which can take place in such conditions is illustrated in Figure 2.3. 
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Figure 2.3: Scheme of the corrosive reaction in 0.5 M NaCl and the formation of 
possible corrosion products [74–76]. 
 
Dafydd et al [34] investigated the oxygen reduction reaction by rotating disc electrode in 
0.86 M (5%) aqueous sodium chloride containing 0.05 M disodiumtetraborate (Na2B4O7 · 
10H2O) and 0.07 M NaOH, which gave a buffered pH of 9.6. Zinc in deaerated solution 
showed current peaks due to the quasi–reversible oxidation of surface zinc to Zn(OH)2. 
Aluminum remained hydroxide covered throughout the process and the voltammetric 
charge calculated by integration under the current peaks was roughly proportional to the 
volume fraction of zinc present in the alloy composition. To this extent, the zinc component 
of alloy coatings behaved electrochemically like free zinc. The potential dependent state of 
zinc at the metal–electrolyte interface was claimed to determine the pathway of cathodic O2 
reduction. Cathodic current–potential curves obtained from the Zn0.1Al alloy coating in 
aerated solution have shown two diffusion limited current regions. These correspond to a 
predominantly 2e– reduction process occurring at potentials where zinc was Zn(OH)2 
covered and a predominantly 4e– reduction process occurring at potentials where zinc was 
in bare metal state. Other Zn–Al coatings did exhibit similar cathodic current–potential 
characteristics. However, for Zn4.3Al limiting currents in the Zn(OH)2 covered region were 
increased, corresponding to the stoichiometric number of electrons (ne–) = 2.8 at 0.86 V. For 
Zn2+ 
5Zn2+ + 8H2O + 2Cl– 
4Zn(OH)2ZnCl2 + 8H+ 
4ZnO + Zn2+ + 4H2O + 2Cl– 
4Zn(OH)2ZnCl2 
0.5 O2 + H2O 
2OH– 
Zn2+ + 2OH– 
amZn(OH)2 
  
2e– 
Zn zinc 
porous oxide layer 
7Zn2+ + 12OH– + 2Cl– 
6Zn(OH)2ZnCl2 
4Zn(OH)2ZnCl2 
5Zn2+ + 8OH– + 2Cl– 
β2Zn(OH)2 
β1Zn(OH)2 
ZnO + H2O 
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Zn55Al limiting currents in the bare zinc region were decreased, corresponding to ne– = 2.8 
at 1.06 V. These finding were consistent with ne– = 2.8 at 0.86 V vs SHE on the Zn–Al eutectic 
phase present within both the Zn4.3Al and Zn55Al coatings, with the aluminum–rich phase 
in Zn55Al remaining substantially inert. 
All Zn–Al alloy coatings have shown considerably lower overpotentials for 2e– O2 reduction 
than pure zinc, for which no limiting currents were observed in the Zn(OH)2 covered region. 
Aluminum itself was virtually inert as an O2 cathode and the higher activity of the Zn–Al 
coatings was therefore ascribed to electrocatalysis by traces of iron derived from the steel 
substrate and incorporated into the coatings during hot–dipping. Rates of 2e– cathodic O2 
reduction on the Zn–Al alloy coatings remained substantially diffusion controlled up to the 
free corrosion potential. Consequently, under free corrosion conditions the stable HO2 and 
H2O2 products of 2e– O2 reduction were likely to accumulate to levels at which they might 
reasonably be expected to influence processes of organic coating failure. 
Bernard et al. [21] identified the different corrosion products on pure and electrodeposited 
zinc specimens during exposure to sodium chloride solutions with varying amount of oxygen. 
Additionally, the influence of polarization on the building of zinc corrosion products was also 
studied. The morphology and the crystallographic structure of the corrosion products were 
analyzed by scanning electron microscopy and X–ray diffraction. In order to analyze the 
influence of the pH on the modification of ZnOH2, two different sodium hydroxide solutions 
were used. The substrate, electrolyte composition, exposing time and electrochemical 
treatment used in these works are listed in Table 2.2 with the observed corrosion products. 
On pure zinc samples exposure times up to three days showed the building of ZnO products. 
In the case of decarbonated solution crystallized ZnO was found. Longer exposure times 
showed the formation of ZnOH2 and ZnCl2 formation with vary amount of these two 
components. The absence of ZnCO3 in these cases was only observed in decarbonated 
solutions. This was also observed on electrodeposited zinc layers. In the case of low 
concentrated sodium chloride solution after seven days only different modifications of zinc 
hydroxide was observed.  
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Table 2.2: Corrosion products observed during in–situ corrosion experiments in 
chloride containing environment. 
substrate electrolyte exposed time 
electrochemical 
treatment corrosion products 
pure zinc 
0.03 M NaCl 12 days polarization at –1V/SCE 
3 Zn(OH)2–xClx 2 ZnCO3 
[21] 
0.5 M NaCl 7 days – Inner layer 4 ZnOH2ZnCl2 [21] 
decarbonated 
0.03 M NaCl 3 days 
galvanostatic 
conditions: 
0.1 mA/cm2 
crystallized ZnO [21] 
0.03 M NaCl 2 days polarization at –1V/SCE amorphous ZnO [21] 
0.1 M NaOH 30 days – ε–ZnOH2 [21] 
0.5 M NaOH 30 days – γ–ZnOH2 [21] 
5M KOH + 
0.5 M ZnO 
 cathodic polarization  (–1.549 V) Zn(OH)4
2–, ZnO [77] 
 anodic polarization (–1.25 V, 30mA/cm2) ZnO, Zn(OH)4
2– [77] 
10 min / 
4 h 
anodic polarization 
(–1.1 V) 
10 min: ZnO, Zn(OH)42– 
4h: ZnO, Zn(OH)42– [77] 
electro–
deposited 
zinc layer 
decarbonated 
0.03 M NaCl 4 days 
anodic polarization 
0.022 mA/ cm2 
ε–ZnOH2 
4 ZnOH2, ZnCl2 [21] 
decarbonated 
0.03 M NaCl 9 days 
anodic polarization 
0.022 mA/ cm2 6 ZnOH2, ZnCl2 [21] 
0.03 M NaCl 7 days – β–ZnOH2, γ–ZnOH2, ε–ZnOH2 [21] 
 
Hugot Le Goff [77] studied the corrosion products in high concentrated potassium hydroxide 
electrolyte with ZnO and the influence of cathodic and anodic polarization (Table 2.2). Under 
these conditions, ZnO was found to be the main component of passive or blocking layers on 
zinc without traces of hydroxide. They suggest two different formation mechanisms of the 
passive layer under these polarization potentials: 
(a) Near the dissolution peak, passivation was induced by precipitation of zinc oxide on 
the electrode surface from a supersaturated zincate electrolyte. 
(b) In the passive range, passivation was observed due to the growth of a zinc oxide layer 
by a solid–state mechanism. 
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2.1.3 In–situ Raman spectroscopic analysis of zinc corrosion products 
 
Raman spectroscopy allows the identification of several products likely to form during 
corrosion of zinc immersed in chloride–containing solutions. Furthermore, it enables the 
identification of each of the crystalline species of the same category of compounds, such as 
zinc hydroxide [21; 77; 78]. 
Bernard et al. [21; 78] identified amorphous and native ZnO, ε–ZnOH2, β–ZnOH2 and 4ZnOH2 
ZnCl2 by means of in–situ Raman spectroscopy. The corrosion conditions and the arised 
corrosion products are listed in Table 2.2 in the previous paragraph. They confirmed their 
results obtained with the Raman analysis of the corrosion products by means of X–ray 
diffraction. The corrosion products which were observed in their studies and the assigned 
peaks are specified in Table 2.3. 
The main Raman peaks of ZnO can be assigned to five modes: 100 cm–1 (E2), 330 cm–1 
(multiphonon), 375 cm–1 (A1 transverse), 440 cm–1 (E2) and a broad band at 540–580 cm–1 
(multiphonon) [79]. In the case of a higher crystallinity grade of ZnO, the peak intensity of 
440 cm–1 was higher in comparison to a poorly crystallized ZnO and the 560 cm–1 peak was 
decreasing with poorer crystallinity [21; 79; 80].  
Amorphous ZnOH2 and α–ZnOH2, which are unstable, were not observed by Bernard [21], 
although Feitknecht et al [74–76] proposed the formation during the first steps of 
precipitation. The β–, γ– and ε–ZnOH2 were found as corrosion products by Bernard et al 
[21]. The main peaks were the lattice vibrations which are assigned in the region below 200 
cm–1, the ν–Zn–O in the region of 300–500 cm–1 and the OH vibration in the range of 3100 – 
3400 cm–1. The exact peak assignments are listed in Table 2.3 and depending on the type of 
ZnOH2 the characteristic peaks show slight shifts.  
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Table 2.3: Peak position and assignment to corrosion products observed during 
in–situ corrosion by Raman spectroscopy. 
Corrosion products Raman peaks 
amorphous, native 
ZnO layer broad band: 300–600 cm
–1, max located around 560 cm–1 [21; 78] 
ZnO 330 cm–1, 440 cm–1, 570 cm–1, 1070 cm–1, 1140 cm–1 [21; 78] 
ε–ZnOH2 
130 cm–1, 150 cm–1, 210 cm–1, 250 cm–1, 370 cm–1, 380 cm–1,  
480 cm–1, 720 cm–1, 760 cm–1, 1030 cm–1, 1050 cm–1, 1080 cm–1, 
3190 cm–1, 3260 cm–1 [21; 78] 
γ–ZnOH2 
130 cm–1, 180 cm–1, 360 cm–1, 400 cm–1, 440 cm–1, 700 cm–1,  
830 cm–1, 1070 cm–1, 3160 cm–1, 3250 cm–1[21; 78] 
β–ZnOH2 
170 cm–1, 210 cm–1, 250 cm–1, 300 cm–1, 380 cm–1, 420 cm–1,  
740 cm–1, 800 cm–1, 1030 cm–1, 1080 cm–1, 3100 cm–1, 3150 cm–1, 
3250 cm–1, 3340 cm–1 [21; 78] 
4ZnOH2 ZnCl2 
210 cm–1, 260 cm–1, 390 cm–1, 730 cm–1, 910 cm–1, 1030 cm–1,  
3450 cm–1, 3480 cm–1, 3580 cm–1 [21; 78] 
ZnOH42– 465 cm–1 [77] 
ZnCl2 250 cm–1 [21; 78] 
ZnCO3 740 cm–1, 1060 cm–1, 1370 cm–1, 1540 cm–1 [21; 78] 
 
Zinc hydroxychloride shows a characteristic Raman spectrum and two strong peaks are 
observed in the lower wavenumber region at 260 cm–1, assigned to a Zn–Cl bond and 390 
cm–1, attributed to a Zn–O vibration. Additionally, zinc hydroxychloride is characterized by 
two strong OH fundamental stretching bands at 3450 and 3480 cm–1. 
In strongly alkaline ZnO solutions as predominant species Zn(OH)42– ions were identified at 
465 cm–1 [77; 81–84]. Four vibrations were assigned to ZnCO3 vibration modes ν1 at  
1060 cm–1, ν4 at 740 cm–1 and ν3 at 1540/1370 cm–1. 
 
2.2 Molecular adhesion on aluminum and zinc oxides 
 
The corrosion resistance and the adhesion of organic coatings on oxide covered metal alloy 
surfaces is of high importance for the integrity of the composite system and is mainly 
determined by the alloy composition, the surface chemistry of the alloy as well as by the 
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composition of the organic coating and its adhesion to the alloy surface. Monomolecular 
layers have been investigated as new advanced interfacial layers for polymer–coated 
aluminum and zinc alloys [9; 11]. The bond between the coating and the oxide covered 
metal substrate has to be strong enough to withstand mechanical stress within the 
composite and must be inert to any electrochemical or purely chemical attack [9]. 
 
2.2.1 Adsorption of monolayers 
 
Long chain alkylphosphonic acids have been shown to adsorb and self–organize on a number 
of oxides such as silicon oxide and mica, as well as oxide covered metals such as tantalum, 
aluminum, silicon, zinc, magnesium, stainless steel [85–98]. Organic acids are mostly 
deposited from a dilute organic or aqueous solution [99–101]. At the beginning the sample is 
covered by solvent molecules and a competitive adsorption takes place. After an island like 
growth [102], the SAM adsorption continues until all solvent molecules are replaced by SAM 
molecules. The adsorption of a molecule is based on the interaction of the head group with 
the surface which is in many cases a kind of acid–base interaction. For example the 
principles of the binding of SAMs on the oxyhydroxide surface of aluminum were 
investigated by Allara et al. [103] and more recently by Maege et al. [8]. The driving force of 
the adsorption is the formation of a surface salt [8] and leads to a bidental bonding structure 
[8; 104]. 
The density of the monolayer and its ordering mainly depends on the intermolecular 
interactions of the tail structure [105]. Other important parameters for the formation are 
the head group functionality and the surface chemistry. It is well known that 
organophosphonic acids interact strongly with hydroxyl groups on various surfaces via acid–
base interaction or coordinative bond formation [8; 12; 106]. Moreover, recent studies have 
shown that a high density of surface hydroxyl groups promotes the adsorption of organic 
acids, which leads to an improvement of the observed adhesion [10; 107; 108]. 
Giza et al. [10] have demonstrated that an oxygen plasma pre–treatment of the 
oxyhydroxide surface of aluminum accelerates the adsorption kinetic of ODPA. Mainly 
responsible for the ordering process is the tail structure, especially the length of the alkyl 
chain. The influence of chain length during the self–assembling process of different 
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organophosphonic acids was analyzed by Allara et al. [103] and recently by Gawalt et al. 
[109; 110]. The intermolecular forces have shown to play a very important role in the 
formation of a densely packed monolayer. Long alkyl chains are known to interact via van 
der Waals interactions and result in the deposition of highly ordered films [103]. 
The position and intensity of CH3 and CH2 vibration modes can give insights in the 
orientation of the molecules against the sample surface normal. A geometrical estimation 
for the calculation of the azimuthal angle is [111; 112]: 
 
 
𝐼𝐶𝐻2
𝐼𝐶𝐻3
=  2𝑛 cos  (90° −  𝛼)23 cos  (35° −  𝛼)2    (2–1) 
 
where 𝐼 is the intensity of the according CH valence vibration bands, n is the number of 
methylene groups in the alkyl chain and α is the angle between the alkyl chain axis and the 
surface normal. The main assumptions for this kind of calculation are an all–trans 
conformation of the alkyl chain and a smooth surface [112]. 
The stability of SAMs is of high interest for a successful surface functionalisation. According 
to Allara et al. [105], the SAM formation is driven by substrate/head group interactions, 
intermolecular interactions and terminal group/ambient interactions and is also crucial for 
the stability of a formed SAM. 
A study by Thissen et al. [106] revealed the dependency of SAM stability on the crystal 
orientation of the surface. ODPA monolayers were adsorbed on four different aluminum 
oxide surfaces and their stability in water was studied. The bonding stability was discussed 
based on the interfacial bonding type, the adsorption free energies in competition with 
water and involved adsorption geometries [106]. The poor stability on single crystalline 
Al2O3(001) surfaces has indicated an extremely important role of the local atomic structure 
of the aluminum oxide surface in the formation of stable organophosphonic acid films in 
competition to water [106]. 
Especially in case of weak surface/adsorbate interactions, the intermolecular interactions, 
primarily van der Waals interactions (enlarged with the chain length), are crucial for the 
stability against desorption during rinsing processes [63; 109]. Quinones et al. [109] reported 
that as the chain length of organophosphonic acids adsorbed on a NiTi surface decrease, 
different deposition conditions such as an increase in concentration and temperature were 
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necessary to promote film formation [109]. Furthermore, the stability of organophosphonic 
acid SAMs on NiTi as a function of the chain length was studies by Maxisch et al. [63]. The 
terminal/ambient interactions were controlled by the chemistry of the tail end. The 
presence of a CH3 group leads to a hydrophobic behaviour [113] and reduce the solubility of 
the monomer in polar solvents. 
Thissen et al [11] investigated in the formation and stability of octadecylphosphonic acid 
(ODPA) layers on Zn–Al alloy coatings. On Zn–Al alloys with higher Al–content (≥5%) such as 
Zn–5%–Al and Zn–55%–Al, the formation of self–assembled monolayers (SAMs) of ODPA was 
observed. For small concentrations of Al (Zn–0.5%–Al) the Al–oxide containing passive film 
was not stable enough to prevent dissolution and precipitation of the phosphonate salt film. 
While the passive films of Zn–5%–Al and Zn– 55%–Al were shown to consist of a continuous 
film of aluminum oxyhydroxides, the one on Zn–0.5%–Al was shown to be a mixed Zn, Al–
oxyhydroxide. Furthermore the stability of the SAM in aqueous solutions was studied by 
means of contact angle measurements. The water contact angles measured on the alloys 
with SAM were stable over several immersion cycles but it was observed that the value of 
the contact angles depended on the respective surface structure and composition. A lower 
contact angle was observed for the Zn–5%–Al alloy in comparison to the Zn–55%–Al. They 
assumed that the surface of the Zn–5%–Al was not completely covered with the SAM and 
also that ODPA adsorbed strongly only in those areas where the Al–content is high. 
 
Bi–functional organophosphonates are promising candidates for the molecular engineering 
of polymer/oxide/metal bonding. For adhesive promotion, functional end groups like COOH, 
OH or NH2 groups can be used [9; 114–116]. The phosphonic acid group chemically adsorbs 
on the oxide–covered metal, whereas second functionality e.g. amino group is able to form 
covalent bonds to an organic coating or an adhesive. In previous section it was mentioned 
that, surface hydroxyl groups promote the adsorption of organophosphosphonic acid group 
and the adhesion of the phosphonate group is based on acid–base interactions [106]. The 
driving force is the formation of a surface salt as already described for long–chain carboxylic 
acids by Allara and Nuzzo [103] and recently by Terryn and co–workers [107; 108]. Adolphi 
et al. [95] showed that by the adsorption of organophosphonic acids on aluminum oxide as 
well as on tantalum oxide surfaces, bi–dentates are formed via the two hydroxyl functions of 
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the phosphonic acid, whereas the adsorption on titanium oxide surfaces led to the formation 
of tridentates. Pahnke and Rühe have demonstrated the possibility to promote the adhesion 
of organic layers to oxide covered Al surface via a photochemical reaction by the effective 
coupling of benzophenone containing organophosphonates [117]. 
Wapner et al. [9] investigated the adsorption of a short–chain aminopropylphosphonic acid 
(APPA) as adhesion promoting monomolecular layer at aluminum/polymer interfaces. As 
head group, an amine function similar to the functional group of the adhesive binder was 
chosen to allow crosslinking between the adhesion promoter and the adhesive. Additionally, 
a single step application of the APPA by mixing it as an additive to the adhesive formulation 
was studied. The surface characterization showed that an adsorbed APPA layer was formed 
on the aluminum oxyhydroxide surface via acid–base interactions in a bi–dentate 
conformation. It was observed that an enrichment of the adhesion promoter at the 
substrate surface could be achieved, which also influenced the crack growth along the 
interface. Additionally, it was shown that the interfacial enrichment of the adhesion 
promoter reduced the rate of the filiform corrosion with a performance similar to the two–
step route via adsorbing the aminophosphonic acid from an aqueous solution prior to the 
coating with the adhesive. 
 
2.2.2 Understanding of interfacial bond formation 
 
The adsorption of alkyl–phosphonic on aluminum surfaces is an acid–base reaction. The 
driving force is the formation of a surface salt [8] and this fact is well known from the 
spontaneous adsorption of long–chain n–alkanoic acids [103]. Gawalt et al [88; 110] and 
Hoque [94; 104] investigated and developed a mono and bidentate binding model (Figure 
2.4). Thissen et al [11] investigated in the formation and stability of octadecylphosphonic 
acid (ODPA) layers on Zn–Al alloy coatings. On Zn–Al alloys with higher Al–content (≥5%) 
such as Zn–5%–Al and Zn–55%–Al, the formation of self–assembled monolayers (SAMs) of 
ODPA was observed. For small concentrations of Al (Zn–0.5%–Al) the Al–oxide containing 
passive film was not stable enough to prevent dissolution and precipitation of the 
phosphonate salt film. While the passive films of Zn–5%–Al and Zn– 55%–Al were shown to 
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consist of a continuous film of aluminum oxyhydroxides, the one on Zn–0.5%–Al was shown 
to be a mixed Zn, Al–oxyhydroxide. 
 
Figure 2.4:Schemtic of mono– and bi–dentate binding model developed in the 
literature [8; 104; 110]. 
 
Giza et al. [10] have demonstrated that an oxygen plasma pre–treatment of the 
oxyhydroxide surface of aluminum accelerates the adsorption kinetic of ODPA. Mainly 
responsible for the ordering process is the tail structure, especially the length of the alkyl 
chain. The influence of chain length during the self–assembling process of different 
organophosphonic acids was analyzed by Allara et al. [103] and recently by Gawalt et al. 
[109; 110]. The intermolecular forces have shown to play a very important role in the 
formation of a densely packed monolayer. Long alkyl chains are known to interact via van 
der Waals interactions and result in the deposition of highly ordered films [103]. 
 
2.3 Fundamentals of adhesion and de–adhesion of polymers on oxide 
covered metals 
 
The adhesion of polymer coatings on metal substrates is governed by the interatomic and 
intermolecular interaction at the interfaces. The understanding of the adhesion properties 
between the adhesive and the substrate is of crucial importance for the development of 
more versatile and efficient polymer/steel interfaces. Awaja [118] and Packham [119] 
described the fundamental theories of adhesion and reported that the pioneering work of 
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McBain and Hopkins [120] led to the development of the modern adsorption and mechanical 
theories of adhesion. In general terms, two main adhesion and de–adhesion mechanism can 
describe the interfacial phenomena: The first one is the adsorption of the polymer on the 
metal surface by physisorption or chemisorption and the second one is the mechanical 
interlocking of a polymer and a rough surface, where the increased adhesive strength is due 
to the enlarged surface area and subsequent increase molecular bonding interactions. 
Two de–adhesion processes can take place in the polymer/metal interface. The first process 
is the interaction of water with the polymer which can lead to swelling or to degradation of 
the coating, followed by a loose of adhesion. This mechanism of wet de–adhesion was 
developed by Funke et al [121–123]. 
The second process is the so called corrosive de–adhesion which takes place in presence of 
an aggressive corrosive environment due to delamination processes [124–132]. More details 
about the corrosive de adhesion will be given in the next chapter. 
 
2.3.1 Wet de–adhesion  
 
The adsorption of water in a polymer coating is always given [113; 133–145]. Defect such as 
sites of fracture or hairline cracks, normally the case of altered systems, increase this effect 
due to the building of capillaries. The water diffusion in the polymer based coating change 
the mechanistic stability of these systems. The performance of the coatings are changed 
near the interface metal oxide/ polymer, stress inside the polymer coating, change of the 
chemical composition of the metal oxide layer, de–adhesion of the polymer due to change of 
the secondary interaction or thin water film between metal oxide/ polymer interface, 
increase of water amount at impurities which contains ions.  
Comparison of the fracture picture in dry atmosphere and with high humidity shows de–
adhesion at the metal oxide/polymer interface. In many publications a critical amount of the 
humidity was described. Lefebvre [145] has shown for example this critical value for 
epoxyamine adhesives. Özcan et al [146] studied the effect of ZnO nanorod film deposition 
on the adhesion between a zinc surface and a model epoxy–based adhesive and showed an 
improve in the adhesion in the presence of the ZnO nanorod film. 
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2.3.2 Corrosive de–adhesion of polymers on zinc substrates 
 
The corrosion of bare zinc and zinc alloy coated steel surfaces in the presence of water and 
oxygen was described in Chapter 2.1. To prevent the direct contact of such surfaces with the 
corrosive environment, organic coatings are often applied as a corrosion protection measure 
[51; 124; 125; 127–132; 147–153]. 
 
 
Figure 2.5: Schematic of the electrochemical reaction during the cathodic 
delamination process. 
 
When a defect occurs in the organic coating an electrochemical cell forms in the presence of 
aerated electrolyte. In the defect the electrochemical reactions of zinc dissolution and 
oxygen reduction take place (Figure 2.5). The oxygen reduction takes place at the edge of 
the defect and could in principle also occur at the intact polymer/oxide/metal interface. But 
due to the diffuse electric double layer it is kinetically strongly inhibited. 
 
The exposed polymer/metal interface gets attacked by the aggressive electrolyte and oxygen 
reduction increases at the reaction front at the polymer/steel interface. During oxygen 
reduction highly reactive oxygen species are formed which lead to degradation of the 
polymer/metal bonds and de–adhesion of the polymer. The hydroxide concentration at the 
polymer/metal interface increases as oxygen is reduced. The process of cathodic 
delamination is well described in the literature with results obtained by means of SKP, 
adhesion tests, XPS and ToF–SIMS surface analysis techniques [37–39; 51; 129; 130; 147; 
150; 151; 154–158]. 
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Posner et al. [51; 130; 151; 153; 158] studied in detail the cathodic delamination process on 
bare zinc and zinc covered with a polymer coating. Zinc oxides being not stable in the 
alkaline environment generated by the oxygen reduction were already discussed in Chapter 
2.1. [77]. In the defect area the zinc dissolution takes place and the monitored potential is 
due to Zn/Zn2+. In the transport area, the potential is found to be determined by 
Zn/Zn(OH4)2–. The combined oxygen reduction and zinc dissolution in the transport area was 
shown to buffer the pH and limit the degradation of the polymer/Zn interface. In some 
cases, wet de–adhesion mentioned in chapter 2.4 occurs at the same time as cathodic 
delamination. Nazarov et al. [15] described SKP studies of wet de–adhesion and explain that 
the potential determined by SKP is sensitive to the adhesion state of polymer and metallic 
surface. 
 
2.4 Raman spectroscopic analysis of polymer/metal interface 
 
Bernard et al. [20; 78] studied the underpaint corrosion of zinc–coated steel exposed to 
chloride containing solutions by means of Raman spectroscopy. Raman spectroscopy 
enables in–situ measurements in aqueous media and allows the analysis of surface areas of 
about 1 µm2 dimension. Bernard [20; 78] has performed their analysis through an organic 
coating, which was possible with the selection of a resin without fluorescent additives. 
Additionally, the influence of a conversion layer (chromatation or phosphatation) was 
investigated. Zinc hydroxychloride and zinc oxide/hydroxide were identified as corrosion 
products underneath the coating and this confirmed the hypothesis of large pH variations 
occurring under the paint in relation to local chloride concentration. Zinc hydroxychloride 
was claimed to be the result of anodic dissolution of zinc, whereas zinc oxide would form at 
cathodic sites after the formation of the amorphous hydroxide. 
There were only small qualitative differences between the protections caused by the 
conversion treatments; they both delayed the blistering and the delamination. The corrosion 
mechanism occurring on zinc with the chromate layer remains rather similar to the 
mechanisms occurring on bare zinc. The chromatation layer, in spite of its porosity, disabled 
the passage of CO2 which on the other hand favored the formation of hydroxychloride. 
Additionally, the chromatation treatment did increase the adhesion of the polymer coating, 
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which also suppressed the corrosion process. On the phosphated specimens, the growth of 
the cathodic corrosion products seemed to be hindered. The initial steps of the corrosion 
process could not be monitored because of an insufficient amount of corrosion products and 
the poor crystallinity of am–Zn(OH)2. 
More fundamental studies were performed by Santa et al [159]. A surface enhanced Raman 
spectroscopic setup was used for in–situ studies of the deterioration of thiazole/gold and 
thiazole/silver interfaces during interfacial ion transport processes induced by a KBr 
electrolyte. A self–assembled monolayer of 2–mercaptobenzothiazole (MBT) was adsorbed 
on surface enhanced Raman spectroscopy active gold and silver surfaces. 
 
 
Figure 2.6: Scheme of the backside–SERS setup for the in–situ investigation of 
ion transport processes along the sample surface according to Reference [159]. 
Oxygen reduction induced ion transport and electrolyte spreading processes were initialized 
along the organic/substrate interface and the resulting changes of the structural monolayer 
constitution were monitored by Raman spectroscopy. SKP potential profiles indicated that 
liquid spreading on these samples proceeded similar to the mechanism of cathodic 
delamination. ToF–SIMS experiments proved a formation of hydroxide species in the region 
of electrolyte transport as well as the exclusion of bromide ions from this area. SKP potential 
profiles reflected the potassium distribution. The presence of MBT did not significantly 
inhibit the spreading process neither on gold nor on silver. SERS spectra showed that a 
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degradation of the MBT/metal interface proceeds in two steps. When it was initially affected 
by the electrolyte front, the adsorption geometry of MBT readjusts. During the second 
deterioration stage a distinct geometrical reorganisation and partial desorption of the 
monolayer occurred. The thiol head group was oxidized to sulphite and sulphate during 
ongoing interfacial oxygen reduction processes at alkaline pH. Even though SERS spectra 
were quite similar for MBT adsorption and monolayer degradation on Au and Ag, they 
nevertheless point at slightly different molecular geometries before and after interfacial 
electrolyte transport processes affected the monolayer. 
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3 Theoretical background of applied analytical techniques 
 
The aim of this section is to give a brief introduction into the surface characterization 
techniques used in this study. 
 
3.1 Spectroscopic techniques  
 
The interactions of photons with material can cause absorption or scattering processes 
which can be used in a wide range of spectroscopic techniques. In the following sections 
Raman spectroscopy, Infrared spectroscopy and X–ray photoelectron spectroscopy are 
described. 
 
3.1.1 Raman spectroscopy 
 
Raman spectroscopy is performed by exposing the sample to monochromatic light and 
detecting the scattered light. 
 
 
Figure 3.1: Schematic of the Rayleigh and Raman scattering process [160]. 
 
The dominant scattering process is the elastic scattering and is called Rayleigh scattering. 
The second scattering is the inelastic process where small shifts of the frequency occur and 
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is called Raman scattering. The Raman and Rayleigh scattering are illustrated in Figure 3.1 for 
one vibration. 
The scattering is a result of the interaction of the light with the molecule and the followed 
distortion of the electron cloud. The amount of distortion of the cloud is depending on the 
ability of the electrons to get polarized. The interaction of the electromagnetic field of the 
incident electromagnetic wave E on the electron cloud occurs in all directions and can be 
described as dipole change µ (eq. 3.1) [161; 162]. 
 
 µ = α E (3–1) 
 
The electric field of the incident electromagnetic wave with the frequency ν0 causes a 
periodic change of the dipole moment and the molecule emits light with the same frequency 
(Rayleigh scattering). The time dependent induced dipole moment can be expressed as: 
 
 µ =α E0 sin 2πν0t (3–2) 
 
Further the polarisability based on the vibrational displacement can be written as: 
 
 𝛼 =  𝛼0 +  𝜕𝛼𝜕𝑄 𝑄0 cos(2𝜋𝜐𝑣𝑖𝑏𝑡) (3–3) 
 
Using common trigonometric relations equation 3.2 can be written as: 
 
 𝜇 = 𝛼0𝐸0 cos(2𝜋𝜈0𝑡) + 𝜕𝛼𝜕𝑄 𝑄0𝐸02 [cos(2𝜋(𝜈0 − 𝜈𝑣𝑖𝑏)𝑡) + cos(2𝜋(𝜈0 +
𝜈𝑣𝑖𝑏)𝑡)]  (3–4) 
 
At three distinct frequencies dipole moments are induced 𝜈0, (𝜈0 − 𝜈𝑣𝑖𝑏) and (𝜈0 + 𝜈𝑣𝑖𝑏). 
The first frequency corresponds to the Rayleigh scattering and the shifted frequencies are 
corresponding to the Raman scattering. 
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3.1.2 Infrared spectroscopy 
 
Fourier transform infrared spectroscopy (FTIR) provides information about the chemical 
bonding or molecular structure of materials. The infrared light interacts with the molecules 
and at characteristic frequencies at which the molecule is excited to vibration or rotation. 
Due to the initiation of the vibration a dipole moment change is occurring. The extent of the 
dipole moment change and the orientation of the dipole to the light vector assign the 
absorption intensity. Maximum absorption appears with maximum dipole change and if the 
dipole and the light vectors are parallel. 
Absorption, reflection and scattering processes weaken the intensity of the interacting light 
and this loss of intensity –dI can be described as: 
 
 −𝑑𝐼 = 𝑘 𝐼 𝑐 𝑑𝑥 (3–5) 
 
with the intensity of the beam I, the absorption factor k and the length dx and the 
concentration c of the illuminated material [162]. 
Two vibration classes are defined. First is the valance vibration ν which leads to 
deformations along the bonding axis of the atoms. This vibration can be on the one hand 
symmetric and on the other hand asymmetric. The second class is the deformation vibration 
δ which can be separated in the rocking, twisting and waging vibration. During the vibration 
the dipole moment of the molecule is changed inducing an alternating electric field which 
interacts with the electric field of the IR light. Absorption occurs, when the frequency of the 
irradiated light is similar to the natural frequency of the molecule vibration. The adsorption 
of a biatomic molecule can be calculated to: 
 
 ?̅? = 12𝜋𝑐̅ �𝑘𝜇 (3–6) 
 
with the wavenumber ?̅?, the light speed 𝑐̅, the force constant 𝑘 and the reduced mass of the 
two atoms 𝜇. 
For the studies of metallic surfaces reflection spectroscopy is used. Infrared reflection 
absorption spectroscopy is influenced by the electronic structure of the metallic surface, the 
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angle of incidence (AOI) and the polarization of the incoming light. Based on the principles of 
electrostatic, the electrical field of a metallic surface is homogenous over the whole surface 
and the electric field vector is perpendicular to the surface [163]. The polarization state of 
the incoming IR–light can be parallel (p–) or perpendicular (s–) to the plane of incidence 
(Figure 3.2). 
 
  
Figure 3.2: Schematic drawing of IRRA spectroscopy as a function of the 
polarization state taken from Reference [164]. 
 
Depending on the AOI and polarization state, the IR light can interact with this electric field 
vector (Figure 3.3). 
 
 
Figure 3.3: Schematic of IRRA spectroscopy taken from Reference [164]. 
 
In the case of p–polarization, the electric field vector of the light and the surface are directed 
in the same plane. The directions of the vectors approach with higher AOI and the IR light is 
enhanced. This is known as surface enhancement and can increase the surfaces sensitive by 
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a factor up to 25 [165]. The correlation between the reflection and the AOI of p–polarized 
light is shown in Figure 3.4. 
 
Figure 3.4: Reflection curve of p–polarized light as a function of the AOI taken 
from Reference [164]. 
 
This enhancement effect is only effective for p–polarized light. In the case of s–polarization, 
a phase shift of 180° is induced so that a standing wave is formed with a junction located 
directly at the surface and no surface information is collected [166]. For IRRA spectroscopy 
often p–polarized light is used due to this effect. 
In contrast to IRRAS, with PM–IRRAS p– and s–polarized light are measured simultaneously 
and offers the possibility to obtain a differential reflectance spectrum of the surface and 
adsorbed layers without reference spectra [129–130]. Addition advantages of this technique 
are the elimination of signals from atmospheric water vapor and carbon dioxide. Further 
details concerning IR spectroscopy can be found in the common literature [161; 162]. 
 
3.1.3 X–ray photoelectron spectroscopy (XPS) 
 
X–ray photoelectron spectroscopy is a surface chemical analysis technique with high surface 
sensitivity and a depth of information of around 5 nm. It gives qualitative and quantitative 
information about the sample surface. X–rays are focused at the sample surface, absorbed 
and lead to emission of electrons [167; 168]. The kinetic energy Ekin of the emitted electrons 
can be expressed as: 
 
 𝐸𝑘𝑖𝑛 = ℎ𝜈 − 𝐸𝑏𝑖𝑛𝑑 −  Φ𝑠𝑎𝑚𝑝𝑙𝑒 (3–7) 
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and is characteristic for elements their chemical state with 𝐸𝑏𝑖𝑛𝑑 as binding energy of the 
electron and Φ𝑠𝑎𝑚𝑝𝑙𝑒 as electron work function of the sample. 
The binding energy is evaluated using the kinetic energy measured by the detector which is 
conductively coupled to the sample. The binding energy is described by the following 
equation: 
 
 𝐸𝑏𝑖𝑛𝑑 = ℎ𝜈 −  𝐸𝑘𝑖𝑛(𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟) −  Φ𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟 (3–8) 
 
with kinetic energy 𝐸𝑘𝑖𝑛(𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟) measured by the detector and the electron work function 
of the detector Φ𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟. In a simplified form, the intensity (I) of a photoelectron peak from 
a homogenous solid is expressed by: 
 
 𝐼 = 𝐽𝜌𝜎Κ𝜆 (3–9) 
 
With photon flux 𝐽, the concentration of the atom or ion in the solid 𝜌, cross section for 
photoelectron production (specific for element and energy being considered) 𝜎, a term 
which includes all of the instrumental factors Κ and the electron attenuation length 𝜆 [167]. 
After correction of the detected intensities with sensitivity factors F which includes the 
terms 𝜎, Κ and 𝜆 as well as additional features of the photoelectron spectrum such as 
characteristic loss features, a quantitative analysis can be performed. The surface 
composition calculated by this method assumes that the specimen is homogenous 
distributed in the sample volume queried by XPS. This is rarely the case, but for a 
comparison of similar specimens this method is still valuable. For a more precise analysis 
angle dependent XPS could be applied to ensure the lateral homogeneity and to elucidate 
the hierarchy of overlayers present [167]. 
 
3.2 Electrochemical techniques 
 
Redox reactions, which takes place in a solution at the interface of an electrode (a metal or a 
semiconductor) and an electrolyte (ionic conductor), can be analyzed with a wide range of 
electrochemical techniques. In the following sections scanning Kelvin probe, cyclic 
voltammetry and scanning Kelvin probe force microscopy are described. 
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3.2.1 Scanning Kelvin probe (SKP) 
 
The Kelvin probe is a non–contact and non–destructive technique which measures the work 
function difference ΔΦ𝑆
𝑅𝑒𝑓 of a needle (reference) and the substrate surface [37; 154; 169].  
 
Figure 3.5: Schematic of the Kelvin probe setup [152; 170]. 
 
A capacitor is formed between the Kelvin Probe and the substrate surface and due to the 
vibration of the needle the capacitance is varied. A schematic of the setup is shown in Figure 
3.2. 
The resulting capacitance can be calculated by the following equation: 
 
 𝐶 = 𝑄
𝑈
= 𝜀𝜀0 𝐴𝑑0 + Δ𝑑 sin 𝜔𝑡 (3–10) 
 
with the dielectric constant and the permittivity of free space 𝜀 and 𝜀0, the frontal tip area A, 
the distance d0 between sample surface and tip and the tip vibration frequency ω. The 
detected interface potential can be correlated to standard hydrogen electrode after 
calibration to a known potential system like Cu/CuSO4 [148; 171]. 
This setup allows the detection of potential changes of the surface chemistry due 
modification of the surface composition or due to electrochemical reactions. 
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Figure 3.6: Scheme of the bulk band structure of the passive oxides of zinc, 
Zn2Mg, magnesium and aluminum. Valence band position EV and conduction 
band position EC are indicated with a solid line. Fermi levels EF are indicated 
with dotted line. The positions of the bands in the electronic structure were 
taken from reference [60]. For the positions of the conduction bandedge of 
aluminum, Kelvin Probe measurements of Özkanat et al. [172] were used and 
the band gaps of the passive layer were taken from Reference [173], thus 
providing the position of the valence band. The valence band position of Zn2Mg 
and aluminum is indicated by a dotted line. 
 
According to Hausbrand et al [60] the potential of passivated zinc, Zn2Mg and magnesium 
were measured and the band structure of this specimen were sketched. In Figure 3.6 the 
band structure for these metal/metal oxide and for aluminum is shown. Additionally 
Hausbrand et al. [60] correlated the band gap of the passive films with the electrode 
potential and was found to be linear for n–type semiconductors. The passive layers in dry 
ambient atmosphere might be considered as semiconductors covered with chemisorbed 
oxygen complexes [60]. 
 
3.2.2 Cyclic voltammetry (CV) 
 
Cyclic voltammetry (CV) can be described as a potentiodynamic electrochemical 
measurement as described in detail in [174]. The working electrode potential is ramped 
linearly versus time and the resulting current density is measured. This ramping is known as 
the experiment's scan rate and is shown in Figure 3.7. 
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Figure 3.7: Potential–time curve at the working electrode in the cyclic 
voltammetry [174]. 
 
Positive and negative turn–round potential, E1 and E2 are usually chosen in aqueous 
electrolyte to lie between the hydrogen and oxygen evolution potential. If a material can be 
reduced by the electrolyte, than the current density will increase as the ramped potential 
reaches the reduction potential of the material, but decreases as the concentration of the 
material is depleted close to the electrode surface. If the redox couple is reversible than the 
former reduced material can be reoxidized when the oxidation potential is reached. For ideal 
systems the current densities between the oxidation and reduction process are equal and 
the oxidation and reduction peaks in the voltage versus current density plot have a similar 
shape. The amount of charge which is transferred to the electrolyte when the material is 
reduced or oxidized is directly proportional to the surface area which is in contact with the 
electrolyte. If parts of the surface are covered with a barrier film which cannot be oxidized or 
reduced at potentials when the metal substrate can be oxidized or reduced, than the 
protected area can be directly calculated by the difference of the charge transfer on an 
unprotected and a partially protected surface [175; 176]. 
 
3.2.3 Scanning Kelvin probe force microscopy (SKPFM) 
 
The scanning Kelvin force microscopy technique is similar to the scanning Kelvin probe 
technique but on a diminutive size. Also here the work function difference between a probe, 
in this case a cantilever and tip with conductive coating, and a substrate surface is measured. 
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In Figure 3.3 the principle of the measurement and the setup is shown. This technique is 
implemented in an Atomic Force Microscope which is described in detail in Chapter 3.3.2. 
 
 
Figure 3.8: Schematic setup of scanning Kelvin probe force microscopy (SKPFM) 
[177]. 
 
The measurements are performed in the Dynamic–Contact (DC) mode. In this mode the 
cantilever is oscillating in its resonance frequency. When the cantilever is now moved 
towards the sample surface forces are acting with the cantilever which are due to the 
interaction of the cantilever and the sample surface. For the "lift mode" SKPFM 
measurement each line is scanned twice. The first scan records the topography profile. The 
second scan is performed with a certain distance (in the range of 50 nm) to the surface and 
to collect the potential information of the surface an AC voltage (range of 3V) is applied to 
the tip. Then the cantilever follows the pre–recorded topography profile.  
The capacitor formed by tip/cantilever and sample stores a certain electric energy and can 
be described by [178]: 
 
 𝑊𝑐𝑎𝑝 =  12 𝑉2𝐶 (3–11) 
 
with 𝑉 =  ∆𝜓 −  𝑈𝑎𝑐 + 𝑈𝑎𝑐 sin 𝜔𝑡. The electric force is given by: 
 
 𝐹𝑒 =  − 𝑑𝑊𝑐𝑎𝑝𝑑𝑧 =  12 𝑉2 𝑑𝐶𝑑𝑧 =  12 𝑉2𝐶´ (3–12) 
 
The total electric force can then be expressed by: 
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𝐹𝑒 = 12 ��𝑉𝑑𝑐 − Δ𝜓𝑠𝑎𝑚𝑝𝑙𝑒𝑅𝑒𝑓 �2 + 12 𝑉𝑎𝑐2 �  𝐶´+ 𝐶´�𝑉𝑑𝑐 − Δ𝜓𝑠𝑎𝑚𝑝𝑙𝑒𝑅𝑒𝑓 �𝑉𝑎𝑐 sin 𝜔𝑡 + 14 𝐶´𝑉𝑎𝑐2 cos 𝜔𝑡 (3–13) 
 
Hence, the force modulation at frequency 𝜔 becomes zero for 𝑉𝑑𝑐 = Δ𝜓𝑠𝑎𝑚𝑝𝑙𝑒𝑅𝑒𝑓 . During this 
scan, the magnitude of the oscillations at the stimulating frequency is nulled on a point–by–
point basis during the lift mode rescan by applying a DC voltage to the tip which balances the 
Volta potential difference and thus the surface charge [178]. The magnitude of the required 
DC voltage directly yields the Volta potential difference [177]. 
 
3.3 Microscopic techniques 
 
Optical and electron microscopy is widely used to characterize the morphology of materials. 
The interactions of electromagnetic radiation/electron beams with material can cause 
diffraction, reflection, or refraction and this scattered radiation or another signal can be 
collected in order to create an image. In the case of scanning probe microscopy, the 
interaction of a scanning probe with the surface of the object of interest. In the following 
sections scanning electron microscopy and atomic force microscopy are described. 
 
3.3.1 Scanning electron microscopy (SEM) 
 
The SEM allows a detailed surface analysis of condensed materials. Electrons are generated 
by a hot cathode or by Schottky field emission. They are accelerated up to 50 keV and then 
focused on the surface by electromagnetic lenses. Secondary (below 50 eV) and 
backscattered electrons (50 eV to acceleration voltage) result upon contact with the 
specimen. They are detected and used for imaging. Interaction area and depth depend on 
the acceleration voltage and the elemental composition of the sample material. 
Secondary electrons are formed by inelastic interaction of primary electrons with surface 
atoms. Either a chamber detector or an in–lens detector can be used for their detection. 
Chamber detectors are mainly Everhart–Thornley detectors that use a grid with an applied 
voltage between –200 to +200 V. The electrons hit a scintillation counter and the generated 
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photons are amplified by a photomultiplier. High electron yields lead to lighter and lower 
electron yields to darker pixels in the image. In–lens detectors also collect the electrons by 
an applied voltage but the detection of the electrons happens by a semiconductor. When an 
electron hits the detector, it generates electron–hole pairs that lead to an electric signal. In–
lens detectors allow much smaller working distances than chamber detectors and collect the 
electrons at the point of impact. This leads to higher resolution in contrast to the chamber 
detectors. 
SEM does not give any chemical information about the substrate, but Auger electrons and 
X–rays are formed by the interaction of electrons with the sample. By means of electron 
dispersive X–ray analysis elemental composition of the substrate is evaluated in a depth of 
few micrometers [170; 179]. 
 
3.3.2 Atomic force microscopy (AFM) 
 
Atomic force microscopy (AFM) is a scanning probe technique, where a cantilever with a 
sharp tip is used to scan the sample. The detection mechanism of AFM is based on the forces 
acting between the tip and the surface Figure 3.9. When the tip approaches the sample 
surface, the cantilever will be detected due to these forces according to Hooke's law. 
Measurements can be performed in controlled gas atmospheres, in ultra–high vacuum but 
also in electrolytes and solvents. The mode of the detected forces depends on the 
measurement environment. In general information can be acquired on the capillary forces, 
chemical bonding, electrostatic forces, mechanical contact forces and van der Waals forces. 
There are multiple measurement modes available in commercial AFM systems. The most 
common one is known as the "Contact Mode", where the cantilever is approached and 
pressed onto the surface at a constant force and then scans the surface to gather 
topography information. The detector does not only collect the deviation of the signal in the 
z–direction but also records the deviations in x/y, depending on the slow scan direction. 
These deviations enable the collection of valuable lateral force signal and therefore facilitate 
the detection of chemically or mechanically inhomogeneous regions on the samples. 
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Figure 3.9: Schematic setup of atomic force microscopy in contact mode. 
 
For the samples with sensitive nature, like thin films where contact mode imaging becomes 
destructive and where the water meniscus formation at the tip cannot be prevented 
"Dynamic–Contact (DC) Mode" was developed. In this method the cantilever is driven to 
oscillate up and down at near its resonance frequency. Due to the interaction of forces 
acting on the cantilever when the tip comes in the proximity of the surface, the amplitude of 
this oscillation decreases due to the forces acting between the tip and the surface. At all 
instances, an electronic servo uses the piezoelectric actuator to control the height of the 
cantilever above the sample. This servo continuously adjusts the height of the tip to keep the 
amplitude of the cantilever oscillation stable during the scanning process. The images 
produced by DC mode are based on the intermittent contacts of the tip with the sample 
surface. 
At the same time the phase image which is records the modulation of the phase of the 
oscillation carries information on the chemistry and adhesive properties of the surfaces. For 
many applications phase images produced during DC mode imaging can provide high 
contrast for heterogeneous samples with low topography contrast. 
 
3.4 Contact angle measurement 
 
Contact angle measurements are performed to know the ability of a liquid to cover a 
surface. The contact angle 𝜃 of a liquid droplet on the sample surface is a function of the 
surface tension of the solid/liquid interface and the surface tension of the solid surface. The 
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wettability can be quantified by the Young equation which establishes a correlation between 
the contact angle 𝜃 and the solid/gas interface tension 𝛾𝑆𝐺: 
 
 𝛾𝑆𝐺 =  𝛾𝑆𝐿 −  𝛾𝐿𝐺 cos 𝜃 (3–14) 
 
with the solid/liquid interface tension 𝛾𝑆𝐿 and the liquid/gas interface tension 𝛾𝐿𝐺. 
 
Figure 3.10: Contact angle between liquid drop and solid surface. 
 
Different procedures are developed for the calculation of surface energies from contact 
angle measurements. Fowkes introduced an additive approach, describing the bulk phase as 
a sum of independent contributions from different types of intermolecular interactions. 
Owens and Wendt extended this approach to the interaction of polar liquids and surfaces 
[180]. They measured the contact angles of three different solvents – deionized water with 
pH = 6.8, ethylene glycol and diiodomethane – where the polar (𝛾𝐿𝑃) and dispersive (𝛾𝐿𝐷) 
components of the surface tension of are known. The surface energies of the observed 
system can be expressed by: 
 
 𝛾𝐿 cos(𝜃 + 1) = 2�𝛾𝑆𝐷𝛾𝐿𝐷 + 2�𝛾𝑆𝑃𝛾𝐿𝑃 (3–15) 
 
assuming that the total free energy at a surface can be considered as a sum of contributions. 
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4 In–situ corrosion analysis of zinc alloy coated steel 
 
The initial corrosion of hot dipped galvanized steel in pH 3, 7 and 11 containing 0.05 M 
sodium chloride was investigated by means of Raman spectroscopy. To prevent pH changes 
of the electrolyte during the measurement due to oxygen reduction the experiments were 
performed under a high electrolyte flow. Additionally the microstructure of the zinc layer 
was analyzed by means of electron backscatter diffraction (EBSD) to investigate the 
influences of the microstructure on the corrosion process. Furthermore the surface 
morphology and bulk composition was characterized by scanning electron microscopy and 
energy dispersive X–ray spectroscopy, respectively. The electronic surface properties were 
measured with scanning Kelvin probe force microscopy (SKPFM). The Raman spectra showed 
different composition of the oxide layer after the exposure to the electrolyte dependent on 
the pH. In the case of pH 3 a slow dissolution of zinc was observed. In neutral pH the amount 
of oxide and hydroxide was on the grain increasing and at the grain boundary the amount 
stayed constant. At pH 11 the amount was slowly increasing at all points.  
 
4.1 Experimental 
 
4.1.1 Materials and sample preparation 
 
If not indicated elsewise, all chemicals were of p.a. grade (pro analysis) and were used as 
supplied without any further purification. As substrates hot–dip galvanized steel sheets (Z) 
were used as samples of technical interest. The interstitial free Z steel (sheet thickness 0.85 
mm) was supplied by voestalpine Stahl GmbH (Linz, Austria) in the non–skin passed state, 
i.e. without being temper rolled after application of the zinc coating. The thickness of the 
zinc coating (alloy composition: Zn + 0.05% Al) after hot dip galvanizing was 7.5 µm. Samples 
were cut from the supplied material in 10 by 10 mm2 samples and cleaned in three different 
solvents in an ultra–sonic bath for 20 min to remove oils and surface contaminations. As 
solvents tetrahydrofuran (THF), iso–propanol and ethanol with analytical grade (Merck 
KGaA, Darmstadt, Germany) were used. After every solvent treatment the samples were 
dried under flow of dry air. 
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4.1.2 Surface Analysis 
 
Prior to the in–situ corrosion test the surface morphology and chemistry was analyzed by 
means of microscopic and spectroscopic techniques. The morphology and the surface 
composition was verified by means of a SEM with a field emission gun (LEO 1550VP) 
combined with an energy–dispersive x–ray spectroscopy (EDX) unit (Oxford Instruments). 
The EDX measurements were performed at an accelerating voltage of 20 kV and a working 
distance of 8 mm, which results in a penetration depth of electrons higher than 1 µm. 
Surface topography and electronic surface properties were investigated by means of SKPFM 
(MFP3D – Asylum Research, Santa Barbara, CA), equipped with an anti – vibration table and 
custom designed noise – insulation chamber. For the SKPFM measurements highly doped 
silicon cantilever were used (NSC15, doped, AIBS, MikroMasch, Tallinn, Estonia). The spring 
constant of each AFM cantilever was calibrated via thermal tune method. The principles of 
data collection for SKPFM measurements includes as a first step the gathering of topography 
information by means of a pair of trace and retrace scans. In the second step the selected 
potential is applied to the AFM–tip and the topographical information collected in the first 
step is used to track the surface potential information. The tip follows the topography of the 
measured line with a user defined distance from the surface. In all the SKPFM 
measurements in this paper the tip to surface distance and the tip voltage during the 
potential measurement were set to 50 nm and 3 V, respectively. 
To analyze the microstructure of the electron backscatter diffraction (EBSD) measurements 
were carried out on the surface with an area of 300µm2 using a scanning electron 
microscope working at a nominal voltage of 20 kV. 
 
4.1.3 In–situ Raman spectroscopy 
 
The corrosion products were analyzed during the corrosion process by means of a confocal 
Raman microscope. The Raman spectra were obtained using a InVia Renishaw confocal 
Raman microprobe system (Renishaw plc, UK) equipped with an Leica DM 2500 M confocal 
microscope and an air cooled HeNe laser (λ = 632.8 nm). Measurements were performed 
using a HCX APO L63x immersion objective for water with a numerical aperture of 0.9 and a 
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1800 grooves/mm diffraction grating. The laser power was set to 1.75 mW and an exposure 
time of 30 s. The in–situ Raman spectroscopic measurements were performed within a 
custom made cell with an electrolyte volume of 3 ml and a scheme of the setup is shown in 
Figure 4.1. The flow through cell is equipped with a three electrode setup to measure also 
the potential during the corrosion process. The samples were exposed to pH 3, 7 and 11 
containing 0.05 M sodium chloride solution and time dependent Raman spectra were taken 
in intervals of 20 min. 
 
 
Figure 4.1: Scheme of the applied Raman spectroscopic setup for the in–situ 
investigation of corrosion processes.  
Prior to the Raman measurement microscopic picture were taken which allows us to set 
always certain points on the sample to be measured. 
 
4.2 Surface morphology and microstructure 
 
Due to the aluminum addition and iron dissolution in the galvanizing zinc bath the 
considered zinc coating is alloyed with a small amount of Al and Fe according to the 
solubility of these elements in liquid zinc [181–183]. After emersion from the bath, the zinc 
 
reference 
electrode 
counter 
electrode 
Immersion 
objective 
substrate/ working electrode 
electrolyte 
white light laser light 
In–situ corrosion analysis of zinc alloy coated steel 
 
 
42 
 
layer is cooled by gas–wiping dies blowing air or nitrogen. Solidification of zinc grains has 
been shown to start at the steel/coating interface [181]. The delivered samples were oiled to 
reduce the atmospheric corrosion process. Therefore the samples were solvent cleaned 
before performance of the measurement. 
 
  
  
Figure 4.2: SEM analysis of hot–dipped galvanized steel surface, SEM 
parameters: WD = 4.9 mm and EHT = 20.0 kV, (A) Mag = 100x, Detector = SE 2, 
(B, C) Mag = 1kx and (D, E) Mag = 10kx, (A, C) Detector = SE 2 and (C, E) InLens. 
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Figure 4.2 shows the morphology of the solidified coating. Zinc grains are dendritic and the 
in–plane grain size ranges from 200 µm2 to 600 µm2. Magnified images are shown in Figure 
4.2B, C, D and E of the Z. The pictures on the left side where detected with the SE2 detector 
which detect the topography of the sample. The images on the right side were taken with 
the InLens detector and this detector is more sensitive to material differences. 
 
 
Figure 4.3: SEM image 70° tilted and EBSD grain orientation mapping, red 
frame area of EBSD image and the inverse pole figure. 
 
The topography of the dents in Figure 4.2B is clearly demonstrated. However this dents 
show no significant chemical difference which is shown in Figure 4.2C. The surface looks 
smooth. A homogenous distribution of inclusions was observed on several grains. These 
inclusions where further magnified and the images are shown in Figure 4.2D and E. The 
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bommerang – shaped inclusions are smooth included in the surface layer (Figure 4.2D and 
E). 
The solidification of Zn–Al coatings is strongly influenced by the fact that the melt is 
constrained between the steel substrate (in fact the intermetallic formed at the steel–
coating interface) and the free surface is in contact with air. These two interfaces offer a 
high density. The coatings are strongly anisotropic, with most zinc grains having their c–axis 
normal to the sheet plane [181; 182]. This is due to the hot–dip solidification process. In 
Figure 4.3the SEM image and the corresponding EBSD map is shown. The red frame marks 
the area where the EBSD map was taken. The EBSD map shows the crystalline structure of 
the bulk coating. The EBSD grain orientation is strongly determined by 0001 which was also 
observed by Boehm–Courjault et al [181]. 
 
4.3 Bulk composition of the alloy 
 
The composition of the employed alloy was studied by means of energy dispersive X–ray 
spectroscopy. The SEM picture is shown in Figure 4.4 with the complementary EDX analysis 
of the local aluminum, carbon, zinc and oxygen content. In the SEM picture inclusions on the 
grains are seen which have different shapes and incidence. On two grains the inclusion are 
point–shaped and on the third grain the inclusions are dash–shaped. Additionally surface 
defects were observed. The EDX maps present the concentration of the element in this area. 
No and very low concentrations are shown in white. At the grain boundaries a higher 
content of aluminum and oxygen were observed. Additionally, the surface defects show 
higher oxygen content. The carbon and zinc contents are homogenous distributed on the 
surface. However, the composition of the inclusions on the grains could not be resolved with 
this magnification. 
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Figure 4.4: SEM analysis (top) and EDX mappings of local Al, O, Zn and C 
content of hot–dipped galvanized steel surface. SEM parameters: Mag = 1kx, 
WD = 4.8 mm, Detector = SE 2, EHT = 20.0 kV. 
 
The picture was further magnified to have a closer view on the inclusions (Figure 4.5). 
Several EDX points were measured and are highlighted in the SEM picture. In Table 4.1 the 
composition of the certain points are listed. 
10 µm 
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Figure 4.5: SEM analysis and EDX analysis of hot–dipped galvanized steel 
surface, SEM parameters: Mag = 8kx, WD = 4.8 mm, Detector = SE 2, EHT = 20.0 
kV. 
 
The points 1 to 3 were set as reference next to the inclusions which were measured at points 
4 to 6. Point 7 was set in the middle of the grain boundary where the three grains hit each 
other. 
Table 4.1: Composition of certain points measured with EDX and assigned 
in Figure 4.5. 
 C–K O–K Al–K Fe–K Zn–K 
pt 1 2.02 0.23 0.53 0.93 96.29 
pt 2 2.04 0.26 0.48 1.07 96.16 
pt 3 1.97 0.24 0.47 0.97 96.35 
pt 4 1.59 0.14 7.98 0.95 89.34 
pt 5 1.92 0.40 3.88 1.03 96.76 
pt 6 2.44 0.27 2.96 0.91 93.42 
pt 7 1.36 1.89 2.18 1.01 93.56 
 
The highest amount in all points is the Zn amount which is always over 90%. The carbon 
amount is more or less constant and is ranging from 1.6% to 2.5%. Also the iron content 
stays constant. The aluminum concentration is changing the most in comparison to the 
percentage amount on the sample. The highest amount is seen in point 4 which was set on 
2.5 µm 
1 
2 
3 
5 
6 
7 
4 
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one of the point shaped inclusions. The highest amount of oxygen is observed at the grain 
boundaries and additionally an increased amount of aluminum this is also seen in the EDX 
mappings in Figure 4.4. However, the EDX point measurements show a higher amount of 
oxide and aluminum at the grain boundaries and in the scratches on the grains a higher 
amount of oxygen is observed. 
 
4.4 Electronic surface properties 
 
In Figure 4.6 the topography image obtained by AFM and the complementary SKPFM image 
is presented with a topography and potential cross section. The scan size was 80 µm by 80 
µm. The topography image Figure 4.6A shows a roughness of around 320 nm and the 
potential image Figure 4.6B shows a potential distribution of about +/– 100 mV. The 
potential image shows features which are independent of the topography and distributed on 
the surface. The white spots are corresponding to higher potentials and black vice versa. The 
particles like structure can be attributed to Al/Fe inclusions and the darker area to damages 
in the oxide layer. In the area marked with the red frame was zoomed in and topography 
and potential mapping was evaluated again. 
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Figure 4.6: AFM (A, C) and SKFPM (B, D) images of a grain, first row (A, B) 80 
nm by 80 nm scan area, second row 30 nm by 30 nm scan area, closer view in 
the area marked with the red frame, topography (A, C) and potential (B, D). 
 
In Figure 4.6C the magnified AFM image and in Figure 4.6D the corresponding SKPFM image 
is shown. The height difference is around 70 nm and the potential is in the range of around 
+/– 60 mV. The cross sections show again independence of the potential from the 
topography. However, the inclusions are embedded in the surface layer and a higher 
potential is observed. 
To further analyze the potential difference EDX was performed after SKPFM measurements. 
In Figure 4.7 the performed SKPFM topography and potential images are shown. The images 
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were performed directly on the boundary of two grains (Figure 4.7). The top shows the 
microscopic picture and the redframe marks the area where the SKPFM measurement was 
performed. In Figure 4.7 the topography image obtained by AFM and the complementary 
SKPFM image. The roughness is about 450 nm and the potential is in the range of around +/– 
80 mV. 
  
  
Figure 4.7: First row: microscopic picture. Second row: AFM (left) and SKFPM 
(right) image of a grain boundary, topography (left) and potential (right). Last 
row: SEM analysis (left) and EDX mappings of Al and O content at the before 
measured SKPFM area. SEM parameters: Mag = 1kx, WD = 4.8 mm, Detector = 
SE 2, EHT = 20.0 kV. 
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On the EDX mappings a higher surface concentration of aluminum and oxygen is observed, 
especially in the region of the grain boundary. On spots on the upper grain higher aluminum 
content is observed. However, the SKPFM measurements show higher potential spots on the 
surface corresponding to the aluminum/iron inclusions observed in the EDX maps. 
 
4.5 Corrosion processes and mechanisms at different pH 
 
The in–situ corrosion process was studied in 0.05 M NaCl at pH 7 as electrolyte. During the 
corrosion the open circuit potential was monitored and every 20 min Raman maps were 
performed. 
  
  
  
  
Figure 4.8: (A, C, E and G): Microscopic images of the zinc surface at 0, 20, 40 
and 60 min related to the exposure to 0.05 M NaCl at pH 7. (B, D, F and H): 
Raman images  at 430 cm–1. (A and B): 0 min; (C and D): 20 min; (E and F): 40 
min; (G and H): 60 min. 
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In Figure 4.8 the microscopic images and Raman maps of the zinc surface exposed to 0.05 M 
NaCl in neutral pH are shown. The sample was exposed 60 min to the electrolyte. In the 
microscopic images the growth of corrosion products during the exposure to the electrolyte 
was observed. The initial corrosion starts at defects on the zinc surface and at the grain 
boundaries. In Figure 4.9 a comparison of the Raman spectra are shown. The Raman spectra 
showed four different peaks which can be, according to Bernard [19–21] and Le Goff [22], 
assigned to ZnOH2, ZnO and ZnCO3. As main corrosion product ZnO and ZnCO3 are observed. 
The peak at 430 cm–1, which is presented in the Raman maps in Figure 4.8, is assigned as the 
Zn–O vibration. 
 
Figure 4.9: Left: Open circuit potential of the zinc surface measured during the 
experiment. Right: Comparison of the Raman spectra of the zinc surface at 0, 
30 and 60 min related to the exposure to 0.05 M NaCl at pH7. 
The potential recorded during the measurement started at –0.9 VSHE and showed a minute 
decrease during the exposure of around 50 mV (Figure 4.9) which could be due to the 
formation of corrosion products during the measurement. Additionally the pH was 
measured after the experiment and a significant increase to pH 13 was observed. At high pH 
according to Feitknecht et al [74–76] the formation of ZnO in chloride containing solution is 
stabilized. The initial potential is higher compared to the OCP measurements Hausbrand et 
al [60] performed in chloride containing borate buffer. This effect could be due to the not 
buffered electrolyte and therefore the increase of the potential. 
 
Further the in–situ corrosion process was studied in 0.05 M NaCl at pH 3, 7 and 11. The 
electrolyte flow rate was set to 0.5 ml/min. During the corrosion the open circuit potential 
was monitored and every 20 min Raman measurements were performed. 
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In Figure 4.10 the microscopic pictures of the zinc surface exposed to neutral pH are shown. 
The sample was exposed 100 min to the electrolyte with a flow rate of 0.5 ml/min. In the 
microscopic images no significant change was observed. The potential recorded during the 
measurement started at –1.1 VSHE and showed a decrease during the exposure of around 
100 mV (Figure 4.11). Pure zinc showed emerged in borate buffer containing 0.5 M NaCl a 
slight higher OCP of about –1.05 VSHE according to the experiments performed by Hausbrand 
et al. [60]. 
 
       
       
       
Figure 4.10: Microscopic images of the zinc surface at 0, 20, 40, 60, 80 and 100 
min related to the exposure to 0.05 M NaCl and 0.5 ml/min flow at pH 7.  : 
measurement points of the Raman spectra. 
The Raman spectra taken at the red point marked in the microscopic picture in Figure 4.10 
are shown in Figure 4.11. The measurement point 1 was set on a grain boundary and the 
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measurement point two on the grain. The Raman spectra show five different peaks which 
can be, according to Bernard [19–21] and Le Goff [22], assigned to ZnOH2, ZnO and ZnCO3. 
 
 
 
Figure 4.11: Top: Open circuit potential measured during the experiment. 
Raman spectra at 0, 20, 40, 60, 80 and 100 min related to the exposure to 0.05 
M NaCl and 0.5 ml/min flow at pH 7. 
 
The carbonate peak at 702 cm–1 stayed constant during the exposure at both points. At the 
grain boundary (Figure 4.11 Point 1) the ZnO and ZnOH2 amount is slowly decreasing, which 
could be due to dissolution of zinc and this was also observed by Klemm et al [184]. At point 
2 an increase of ZnO and ZnOH2 was observed. However the equilibrium of the zinc 
corrosion was very fast reached. 
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Figure 4.12: Microscopic images of the zinc surface at 0, 20, 40, 60, 80 and 100 
min related to the exposure to 0.05 M NaCl and 0.5 ml/min flow at pH 3.  : 
measurement points of the Raman spectra. 
 
In Figure 4.12 the microscopic pictures of the zinc surface exposed to pH 3 are shown. The 
sample was exposed 100 min to the electrolyte with a flow rate of 0.5 ml/min. In the 
microscopic images no significant change was observed during the exposure. The potential 
recorded during the measurement started at –1.35 VSHE and showed an increase during the 
exposure of around 75 mV (Figure 4.13). Hausbrand et al [60] also observed a decrease of 
the OCP with decreasing pH. 
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Figure 4.13: Top: Open circuit potential measured during the experiment. 
Raman spectra at 0, 20, 40, 60, 80 and 100 min related to the exposure to 0.05 
M NaCl and 0.5 ml/min flow at pH 3. 
The Raman spectra taken at the red points are marked in the microscopic picture in Figure 
4.12 and are shown in Figure 4.13. The measurement point 1 was set on a grain boundary, 
the measurement point 2 on the grain and the third point was set on a dent in the grain. The 
Raman spectra show five different peaks which can be, according to Bernard [19–21] and Le 
Goff [22], assigned to ZnOH2, ZnO and ZnCO3. 
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Figure 4.14: Microscopic images at 0, 20, 40, 60, 80 and 100 min related to the 
exposure to 0.05 M NaCl and 0.5 ml/min flow at pH 11.  : measurement points 
of the Raman spectra.  
At measurement points one and two Raman peaks of zinc hydroxide, carbonate and oxide 
were observed. The carbonate peak at 702 cm–1 was increasing during the exposure. The 
amount of hydroxide and oxide was slowly decreasing. The third measurement point 
showed neither zinc oxide, hydroxide nor carbonate peak in the beginning which could be 
due to a very thin oxide layer in this area. After 20 min the zinc oxide and hydroxide peaks 
strongly increased. During the further exposure the amount of hydroxide and oxide was 
slowly decreasing. 
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Figure 4.15: Top: Open circuit potential measured during the experiment. 
Raman spectra at 0, 20, 40, 60, 80 and 100 min related to the exposure to 0.05 
M NaCl and 0.5 ml/min flow at pH 11. 
In Figure 4.14 the microscopic pictures of the zinc surface exposed to pH 11 are shown. The 
sample was exposed 100 min to the electrolyte with a flow rate of 0.5 ml/min. In the 
microscopic images after 40 min the inclusion on the grains are visible. The potential 
recorded during the measurement started at –1.0 VSHE and showed an increase in the first 
few seconds during the exposure of around 125 mV (Figure 4.15). Afterwards the potential 
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slowly decreased. The Raman spectra, taken at the red point marked in the microscopic 
picture in Figure 4.14 is shown in Figure 4.15. 
The measurement point 1 was set on a grain boundary, the measurement point two on a 
scratch in the grain and the third point was set on the grain. The Raman spectra show four 
different peaks which can be, according to Bernard [19–21] and Le Goff [22], assigned to 
ZnOH2, ZnO and ZnCO3. The carbonate peak at 702 cm–1 stays during the exposure at both 
points constant and the ZnO and ZnOH2 amount is slowly increasing, which could be due to 
thickening of the oxide layer. 
 
4.6 Conclusions  
 
The SEM images clearly demonstrated inclusions on the surface and by means of EDX this 
inclusions could be identified as aluminum/iron particles on the surface. Additionally the 
SKPFM measurements showed potential differences on the grain independent of the 
topography which could be assigned to the inclusions observed in SEM and EDX. The EBSD 
measurement has shown the preferred orientation of the crystallized zinc underneath the 
native oxide layer to be 0001. 
The in–situ corrosion analysis performed in 0.05 M NaCl showed the growth of mainly zinc 
oxide preferred at the grain boundaries and at defects on the surface. Additionally an 
increase of the pH was observed which stabilize the formed zinc oxide on the surface. The 
Raman spectra obtained during electrolyte flow showed different composition of the oxide 
layer directly after the exposure to the electrolyte dependent on the pH. In the case of pH 3 
the dissolution and oxidation of zinc were in equilibrium therefore the OCP stayed constant 
during the exposure. In neutral and alkaline pH the OCP was 100 mV decreasing. At pH 7 the 
amount of zinc oxide and hydroxide increased on the grain and stayed constant at the grain 
boundary. At pH 11 the amount of zinc oxide and hydroxide was slowly increasing at all 
points. 
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5 In–situ corrosion analysis of zinc magnesium alloy coated steel 
 
The initial corrosion of hot dipped galvanized zinc magnesium alloy coated steel was 
investigated by means of Raman spectroscopy in pH 3, 7 and 11 containing 0.05 M sodium 
chloride solution. To prevent pH changes of the electrolyte solution due to oxygen reduction 
the measurement were performed under a high electrolyte flow. Additionally the surface 
morphology and bulk composition was characterized by means of scanning electron 
microscopy (SEM) and energy dispersive X–ray spectroscopy (EDX), respectively. The Raman 
spectra showed different composition of the oxide layer after the exposure to the 
electrolyte dependent on the pH. In the case of pH 3 and pH 11 the zinc (hydr)oxide and 
carbonate stayed constant during the exposure. In pH 7 the zinc hydr(oxide) and carbonates 
were during the measurement dissolving. 
 
5.1 Experimental 
 
5.1.1 Materials and sample preparation 
 
If not indicated elsewise, all chemicals were of p.a. grade (pro analysis) and were used as 
supplied without any further purification. As substrates hot–dip galvanized zinc magnesium 
coated steel sheets (ZM) were used as samples of technical interest. The interstitial free ZM 
steel (sheet thickness 0.85 mm) was supplied by voestalpine Stahl GmbH (Linz, Austria) in 
the non skin passed state, i.e. without being temper rolled after application of the zinc 
coating. The thickness of the zinc coating (alloy composition: Zn + 2% Al + 2% Mg) after hot 
dip galvanizing was 7.5 µm. Samples were cut from the supplied material in 10 by 10 mm2 
samples and cleaned in three different solvents in an ultra–sonic bath for 20 min to ensure 
complete removal of any oils or surface contaminations. As solvents tetrahydrofuran (THF), 
iso–propanol and ethanol with analytical grade (Merck KGaA, Darmstadt, Germany) were 
used. After every solvent treatment the samples were dried under flow of dry nitrogen. 
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5.1.2 Surface Analysis 
 
Prior to the in–situ corrosion test the surface morphology and chemistry was analyzed by 
means of SEM, AFM and EDX. Morphological characterization and surface composition was 
verified by means of a SEM with a field emission gun (LEO 1550VP) combined with an 
energy–dispersive x–ray spectroscopy (EDX) unit (Oxford Instruments). The measurements 
were performed at an accelerating voltage of 20 kV and a working distance of 8 mm, which 
results in a penetration depth of electrons higher than 1 µm. 
 
5.1.3 In–situ Raman spectroscopy 
 
The corrosion products were analyzed during the corrosion process by means of a confocal 
Raman microscope. The Raman spectra were obtained using a InVia Renishaw confocal 
Raman microprobe system (Renishaw plc, UK) equipped with an Leica DM 2500 M confocal 
microscope and an air cooled HeNe laser (λ = 632.8 nm). Measurements were performed 
using a HCX APO L63x immersion objective for water with a numerical aperture of 0.9 and a 
1800 grooves/mm diffraction grating. The laser power was set to 1.75 mW and an exposure 
time of 30 s. The in–situ Raman spectroscopic measurements were performed within a 
custom made cell with an electrolyte volume of 3 ml. A scheme of the setup is shown in 
Figure 4.1. The flow through cell is equipped with a three electrode setup to measure also 
the potential during the corrosion process. The samples were exposed to pH 3, 7 and 11 
containing 0.05 M NaCl solution and the time dependent Raman spectra were taken in 
intervals of 40 min. Prior to the Raman measurements microscopic pictures were taken. 
 
5.2 Surface morphology and bulk composition of the alloy 
 
Due to the addition of aluminum and magnesium and the iron dissolution in the galvanizing 
zinc bath the considered zinc coating is alloyed with a small amount of these elements 
according to their solubility in liquid zinc [181–183]. After emersion from the zinc bath, the 
zinc layer is cooled by gas–wiping dies blowing air or nitrogen. The morphology of the 
samples surface is shown in Figure 5.1. 
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Figure 5.1: Top: SEM analysis of zinc magnesium aluminum coated steel 
surface. SEM parameters: Mag = 5kx, WD = 9 mm, Detector = InLens, EHT = 8.0 
kV. Bottom: SEM analysis of zinc magnesium aluminum coated steel surface, 
SEM parameters: Mag = 20kx, WD = 9 mm, Detector = InLens, EHT = 10.0 kV. 
 
The Zn–Mg–Al coating has a complex micro–structure composed of several different phases, 
it was shown that the topmost surface is covered by a smooth, homogeneous oxide layer 
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consisting of a mixture of magnesium oxide and aluminum oxide, exhibiting a higher amount 
of magnesium than aluminum and a total film thickness of 4.5 to 5 nm [185]. In Figure 5.1 
larger grains are observed with areas of 5 µm by 7 µm and areas with striped structure. In 
Figure 5.1 bottom the striped structure is enlarged and the stripes have a width of below 1 
µm and a length of some µm. 
 
 
Figure 5.2: First row: SEM analysis (left) and EDX mappings of local Mg, O, Al 
and Zn content of hot–dipped galvanized steel surface. SEM parameters: Mag = 
5kx, WD = 5 mm, Detector = SE 2, EHT = 20.0 kV. 
 
The bulk composition of the employed alloy was studied by means of energy dispersive X–
ray spectroscopy. The SEM picture is shown in Figure 5.2 with the complementary EDX 
analysis of the local content of aluminum, magnesium, zinc and oxygen. In the SEM picture 
larger areas and the striped like structure is observed. The larger area seems to consist of 
zinc with fewer amounts of aluminum and magnesium. Also the oxide layer seems to be 
thinner in comparison to the striped like structure. The stripe like structure consists of two 
grains. The areas which are illustrated in the SEM in white consist mostly of aluminum and 
the black areas have higher magnesium content. 
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5.3 Corrosion process and mechanisms at different pH 
 
The in–situ corrosion process was studied in 0.05 M NaCl at pH 7. During the corrosion 
process the open circuit potential was monitored and every 30 min Raman spectra were 
obtained. 
  
  
  
Figure 5.3: Microscopic images of Zn–Mg–Al alloy coated steel at 0, 30, 60, 90, 
120 and 150 min related to the exposure to 0.05 M NaCl at pH7. 
In Figure 5.3 the microscopic pictures of the ZM surface exposed to neutral sodium chloride 
solution are shown. The sample was exposed 150 min to the electrolyte. The corrosion 
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started at several points on the surface and was growing over the surface with time. This 
behavior was also observed by Sullivan et al[186] with time lapse imaging. 
 
Figure 5.4:Left: Open circuit potential of the zinc magnesium surface measured 
during the experiment. Right: Comparison of the Raman spectra of the zinc 
magnesium surface at 0, 30, 60, 90, 120 and 150 min related to the exposure to 
0.05 M NaCl at pH7. 
The potential recorded during the measurement started at –0.9 VSHE and showed a minute 
decrease during the exposure of around 100 mV (Figure 5.4) which could be due to the 
formation of corrosion products during the measurement. Additionally the pH was 
measured after the exposure and a significant increase to pH 13 was observed. Comparisons 
of the Raman spectra are shown in Figure 5.4. The Raman spectra showed two peaks which 
can be, according to Bernard [19–21] and Le Goff [22], assigned to ZnO. At high pH the 
formation of ZnO in chloride containing solution is stabilized according to Feitknecht [74–
76]. The initial potential is higher compared to the results of Hausbrand et al [60]. This could 
be due to the change of the pH during the measurement. 
Further the in–situ corrosion process was studied in 0.05 M NaCl with varied pH and with 0.5 
ml/min flow through. During the corrosion process the open circuit potential was monitored 
and every 40 min Raman measurement was performed. 
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Figure 5.5: Microscopic images at 0, 40, 80 and 120 min related to the exposure 
to 0.05 M NaCl and 0.5 ml/min flow at pH 3.  : measurement points of the 
Raman spectra.  
 
In Figure 5.5 the microscopic pictures of ZM exposed to pH 3 are shown. The sample was 
exposed 120 min to the electrolyte under flow. In the microscopic images no significant 
change is observed. The potential recorded during the measurement started at –1.35 VSHE 
and increased in the first ten minutes to –1.27 VSHE (Figure 5.6) and was then constant. The 
Raman spectra taken at the red points marked in the microscopic picture in Figure 5.5 are 
shown in Figure 5.6. The points were set at areas with different bulk composition. The 
Raman spectra show four different peaks which can be, according to Bernard [19–21] and Le 
Goff [22], assigned to ZnOH2, ZnO and ZnCO3. 
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Figure 5.6: Top: Open circuit potential taken during the experiment. Raman 
spectra at 0, 40, 80 and 120 min related to the exposure to 0.05 M NaCl and 0.5 
ml/min flow at pH 3.  
 
In Figure 5.7 the microscopic pictures of ZM exposed to neutral pH are shown. The sample 
was exposed 120 min to the electrolyte under flow. In the microscopic images no significant 
change is observed.  
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Figure 5.7: Microscopic images at 0, 40, 80 and 120 min related to the exposure 
to 0.05 M NaCl and 0.5 ml/min flow at pH 7.  : measurement points of the 
Raman spectra.  
 
The potential recorded during the measurement stayed constant at –1.2 VSHE (Figure 5.8). 
The Raman spectra taken at the red points marked in the microscopic picture in Figure 5.7 
are shown in Figure 5.8. The points were set at areas with different bulk composition. The 
Raman spectra show four different peaks which can be, according to Bernard [19–21] and Le 
Goff [22], assigned to ZnOH2, ZnO and ZnCO3. 
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Figure 5.8: Top: Open circuit potential taken during the experiment. Raman 
spectra at 0, 40, 80 and 120 min related to the exposure to 0.05 M NaCl and 0.5 
ml/min flow at pH 7.  
 
In Figure 5.9 the microscopic pictures of ZM exposed to alkaline pH are shown. The sample 
was exposed 120 min to the electrolyte under flow. In the microscopic images corrosion 
starts to occur.  
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Figure 5.9: Microscopic images at 0, 40, 80 and 120 min related to the exposure 
to 0.05 M NaCl and 0.5 ml/min flow at pH 11.  : measurement points of the 
Raman spectra.  
 
The OCP started at –1.05 VSHE and stayed one hour constant. After one hour a sudden 
increase of about 100 mV was observed (Figure 5.10). Afterwards the potential decreased 
slowly again. 
The Raman spectra taken at the red points marked in the microscopic picture in Figure 5.9 
are shown in Figure 5.10. The points were set at areas with different bulk composition. The 
Raman spectra show four different peaks which can be, according to Bernard [19–21] and Le 
Goff [22], assigned to ZnOH2, ZnO and ZnCO3. 
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Figure 5.10: Top: Open circuit potential taken during the experiment. Raman 
spectra at 0, 40, 80 and 120 min related to the exposure to 0.05 M NaCl and 0.5 
ml/min flow at pH 11.  
 
5.4 Conclusions  
 
The SEM pictures clearly demonstrated the complex microstructure composed of Zn, Zn–Mg 
and Zn–Al phases. The in–situ corrosion analysis in 0.05 M sodium chloride solution showed 
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that the corrosion started at several points on the surface and as main corrosion product 
ZnO was observed. Further these starting points acted as initiator from where the corrosion 
products grew over the surface with time. Additionally an increase of the pH was observed 
which stabilized the formed zinc oxide. The Raman spectra of the pH dependent 
measurements showed different composition of the oxide layer after exposure to the 
electrolyte. In the case of pH 3 and 7 the dissolution and oxidation of zinc were in 
equilibrium therefore the OCP stayed constant during the exposure. At pH 11 the amount 
was slowly increasing at all points. 
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6 In–situ corrosion analysis of oxide covered iron/ zinc alloy cut 
edges 
 
The initial corrosion of oxide covered iron/ zinc substrates and iron/ zinc magnesium cut 
edges was investigated in neutral 0.05 M sodium chloride by means of Raman spectroscopy. 
To prevent pH changes of the corrosive solution during the measurement due to the oxygen 
reduction the experiments were performed under a high electrolyte flow. The Raman 
spectra showed a slow corrosion process on the zinc alloy coating and no corrosion process 
was observed on the iron side. 
 
6.1 Experimental 
 
6.1.1 Materials and sample preparation 
 
If not indicated elsewise, all chemicals were of p.a. grade (pro analysis) and were used as 
supplied without any further purification. As substrates hot–dip galvanized steel sheets (ZM) 
were used as samples of technical interest. The interstitial free Z and ZM (sheet thickness 
0.85 mm) were supplied by voestalpine Stahl GmbH (Linz, Austria) in the non skin passed 
state, i.e. without being temper rolled after application of the zinc coating. The thickness of 
the zinc coatings (alloy composition: (Z) Zn + 0.05% Al; (ZM) Zn + 2% Al + 2% Mg) after hot 
dip galvanizing were 7.5 µm. Samples were cut from the supplied material in 10 by 10 mm2 
samples and cleaned in three different solvents in an ultra–sonic bath for 20 min to ensure 
complete removal of any oils or surface contaminations. As solvents tetrahydrofuran (THF), 
iso–propanol and ethanol with analytical grade (Merck KGaA, Darmstadt, Germany) were 
used. After every solvent treatment the samples were dried under flow of dry nitrogen. The 
samples were measured in cut edge geometry. 
 
6.1.2 Surface Analysis 
 
Prior to the in–situ corrosion test the surface morphology and chemistry was analyzed by 
means of SEM and EDX. Focus ion beam (FIB) cross sectioning was prepared with LEO 
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1550VP. The cut was milled with a current of 1nA. Morphological characterization and 
surface composition was verified by means of a SEM with a field emission gun (LEO 1550VP) 
combined with an energy–dispersive x–ray spectroscopy (EDX) unit (Oxford Instruments). 
The measurements were performed at an accelerating voltage of 20 kV and a working 
distance of 8 mm, which results in a penetration depth of electrons higher than 1 µm. 
 
6.1.3 In–situ Raman spectroscopy 
 
The corrosion products were analyzed during the corrosion process by means of a confocal 
Raman microscope. The Raman spectra were obtained using a InVia Renishaw confocal 
Raman microprobe system (Renishaw plc, UK) equipped with an Leica DM 2500 M confocal 
microscope and an air cooled HeNe laser (λ = 632.8 nm). Measurements were performed 
using a HCX APO L63x immersion objective for water with a numerical aperture of 0.9 and a 
1800 grooves/mm diffraction grating. The laser power was set to 17.5 mW and an exposure 
time of 15 s. A scheme of the setup is shown in Figure 4.1. The flow through cell is equipped 
with a three electrode setup to measure also the potential during the corrosion process. The 
samples were exposed 0.05 M NaCl solution and the time dependent Raman maps were 
taken in intervals of 30 min. The Raman maps were obtained in streamline mode, instead of 
a point the laser is enlarged to a line. This allows a faster scan of larger areas. Prior to the 
Raman measurements microscopic pictures were taken. 
 
6.2 Cut edge morphology and chemistry 
 
The cross section of the zinc coated steel prepared by means of focus ion beam technique is 
shown in Figure 6.1. On the surface a low concentration of iron is observed but a high 
concentration of aluminum. 
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Figure 6.1: SEM analysis (top, left) and EDX mappings of the cross section 
prepared by FIB of zinc coated steel substrate. EDX mappings of local C, O, Al, 
Fe and Zn content. 
In Figure 6.2 the cross section of zinc magnesium coated steel is shown. The zinc magnesium 
coating has a complex micro–structure composed of several phases. It was shown by Arndt 
et al [185]that the topmost surface is covered by a smooth, homogenous oxide layer 
consisting of a mixture of magnesium oxide and aluminum oxide, exhibiting a higher amount 
of magnesium than aluminum and a total thickness of 4.5 to 5 nm. Arndt et al [185] 
performed Auger element mappings on zinc magnesium alloy coated steel and observed 
that the bulk coating is composed of zinc dendrites and of binary eutectic Zn2Mg–Zn. Near 
the interface steel/ alloy coating a ternary eutectic phase was found which consists of 
Zn2Mg–Zn–Al. 
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Figure 6.2: SEM analysis (top, left) and EDX mappings of the cross section 
prepared by FIB of zinc magnesium coated steel substrate. EDX mappings of 
local C, O, Zn, Al, Mg and Fe content. 
 
6.3 Corrosion process and mechanism 
 
The in–situ corrosion process was studied in neutral 0.05 M NaCl solution and with 0.5 
ml/min electrolyte flow. During the corrosion process the open circuit potential was 
monitored and every 30 min Raman measurements were performed. In Figure 6.3 the 
microscopic images of zinc/iron cut edge geometry are shown. The sample was exposed 120 
min to the electrolyte.  
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Figure 6.3: Microsopic images of Zn–Al/ Fe interface at 0, 30,60, 90 and 120 
min related to exposure to 0.05 M NaCl and 0.5 ml/min flow. Left column: 
microscopic images. Right column: Raman images at 430 cm–1. 
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In the microscopic images no significant change on the iron side was observed during the 
exposure to electrolyte. Due to the cathodic protection of zinc in present of iron zinc is 
corroding. In Figure 6.3 the Raman mappings of the zinc oxide vibration at 430 cm–1 are 
shown and an increase of zinc oxide is observed on the surface. A comparison of the time 
dependent Raman spectra is shown in Figure 6.4. The Raman spectra showed three different 
peaks which can be, according to Bernard [19–21] and Le Goff [22], assigned to ZnOH2, ZnO 
and ZnCO3. As main corrosion product ZnO and ZnCO3 are observed. 
 
 
Figure 6.4: Left: Open circuit potential of the iron/zinc cut edge measured 
during the experiment. Right: Comparison of the Raman spectra of the zinc 
surface at 0, 30, 60, 90 and 120 min related to the exposure to 0.05 M NaCl at 
pH7. 
 
The potential recorded during the measurement started at –1.15 VSHE and showed a minute 
decrease during the exposure of around 50 mV (Figure 6.4) which could be due to the 
formation of corrosion products on the zinc surface. 
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Figure 6.5: Images of Zn–Mg–Al/Fe interface at 0, 30, 60 and 90 min related to 
exposure to 0.05 M NaCl and 0.5 ml/min flow. Left column: Microscopic 
images. Right column: Raman images at 430 cm–1. 
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of the time dependent Raman spectra is shown in Figure 6.6. The Raman spectra showed 
two small peaks which can be, according to Bernard [19–21] and Le Goff [22], assigned to 
ZnO and ZnCO3. 
 
 
 
Figure 6.6: Left: Open circuit potential of the iron/zinc magnesium cut edge 
measured during the experiment. Right: Comparison of the Raman spectra of 
the zinc surface at 0, 30, 60 and 90 min related to the exposure to 0.05 M NaCl 
at pH7. 
 
The potential recorded during the measurement started at –1.23 VSHE and showed a 
significant increase during the exposure of around 300 mV (Figure 6.6) which could be due to 
the precipitation of salts on the iron surface. 
 
6.4 Conclusions 
 
The in–situ corrosion analysis performed in 0.05 M sodium chloride solution and 0.5 ml/ min 
flow rate on Zn–Al/Fe and Zn–Mg–Al/Fe interfaces showed to protect the iron. On the zinc/ 
iron surface zinc oxide was mainly formed on the zinc surface. In comparison to this Zn–Mg–
Al/ Fe cut edge showed a dissolution of ions which were then precipitated on the iron 
surface. 
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7 Adsorption and stability of self–assembled organophosphonic 
acid monolayers on plasma modified Zn–Mg–Al alloy surfaces1 
 
The adsorption and stability of adhesion promoting organophosphonic acid monolayers on 
plasma modified Zn–Mg–Al alloy surfaces were investigated by means of microscopic and 
spectroscopic techniques. A strip hollow cathode (SHC) was chosen for the plasma surface 
modification. The chemical composition of the plasma treated surfaces and the influence of 
reducing and oxidizing plasma modifications on the corrosion properties of Zn–Mg–Al alloy 
surfaces were analyzed by means of X–ray photoelectron spectroscopy (XPS) and cyclic 
voltammetry, respectively. The adsorption and stability of phosphonic acid monolayers were 
comparatively studied on plasma modified and non–plasma modified Zn–Mg–Al alloy 
surfaces. Self–organization of monofunctional monolayers was confirmed by means of 
polarization modulated infrared reflection absorption spectroscopy (PM–IRRAS) and XPS. 
Contact angle measurements were performed to prove the stability of the 
octadecylphosphonic acid (ODPA) monolayer on the native and different plasma treated 
surfaces in aqueous media. Plasma modification and ODPA adsorption resulted in a 
synergistic inhibition of the redox current densities of the alloy surface. The strongest 
inhibition was observed for an Ar/H2 plasma + O2 plasma treatment followed by 
octadecylphosphonic acid self–assembled monolayer adsorption. 
 
7.1 Experimental 
 
7.1.1 Materials and Sample Preparation 
 
If not indicated elsewise, all chemicals were of p.a. grade (pro analysis) and were used as 
supplied without any further purification. ODPA was provided by Alfa Aesar and Ethanol by 
Merck, Germany. For the studies presented here bulk Zn–Mg–Al alloy samples were 
prepared by melting and casting the raw materials containing 98 wt.% Zn, 1 wt.% Mg and 1 
wt.% Al. Samples were cut into disks with a diameter of 30 mm, grinded, polished with 
                                                     
1 The content of this chapter is adopted from publication [187]. 
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diamond paste of a particle radius of 3 μm and subsequently cleaned in isopropanol for 10 
min in an ultrasonic bath and dried in a stream of nitrogen.  
 
7.1.2 Plasma Surface Chemistry 
 
The experimental setup for the plasma modification is based on the so called strip hollow 
cathode (SHC) method. Basically it consists of two grounded plane parallel metal sheets and 
a gas channel at the bottom between the sheets as the anode. The sample is mounted on 
one of the metal sheets. The base pressure of the SHC–setup containing chamber before the 
inlet of working gases was in the range of 10−4 mbar. The gas flows for the according plasma 
modifications were adjusted to 200 sccm argon, 400 sccm hydrogen and 100 sccm oxygen. 
Pure gases were used for the experiments, argon and hydrogen with a purity of 99.999% and 
oxygen with a purity of 99.995% (Linde AG). All plasma treatments were adjusted to 60 s. To 
create a hollow cathode glow discharge a pulsed DC generator Pinnacle ™ Plus (Advanced 
Energy) was used. For the plasma treatments shown in this paper the power was adjusted to 
500 W (Ar/H2) or 200 W (O2). In all cases the DC feed–in was pulsed with a frequency of 200 
kHz [188]. 
 
7.1.3 Adsorption and Self–Organization of Organic Acids 
 
Octadecylphosphonic acid (ODPA, CH3(CH2)17PO3H2) was used as the precursor molecule. 
ODPA was dissolved in ethanol with a concentration of 10–3 mol/l. The total solution volume 
in the beaker was 50 ml for each surface preparation. Substrates were immersed into the 
ODPA solution for 24 h. After rinsing with ethanol the samples were dried in a stream of 
nitrogen. 
 
7.1.4 Surface Analysis 
 
To investigate the interfacial binding of the adsorbed molecules on the modified Zn–Mg–Al 
surface, modified surfaces were analyzed via polarization modulated infrared reflection 
absorption spectroscopy (PM–IRRAS). A Bruker Vertex 70 spectrometer in combination with 
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a PMA 50 unit for polarization modulation was employed. The infrared beam is guided 
through the setup by gold coated mirrors, polarized by a ZnSe crystal and reflected at the 
sample under 80° to the surface normal to a liquid nitrogen cooled mercury cadmium 
telluride (MCT) detector. The spectra were recorded using a resolution of 4 cm–1 and 
originate from averaging over 1024 single scans. 
Complementary X–ray photoelectron spectroscopy (XPS, Quantum 2000, Physical 
Instruments, USA) was performed, using a monochromated Al Kα X–ray source with a spot 
diameter of 100 μm. The take–off angle of the detected photoelectrons was 45° to the 
surface normal. All spectra were calibrated using the C1s peak (binding energy, BE=285 eV) 
as internal reference. For a detailed analysis of the components of the measured XPS signals, 
e.g. the hydroxide to oxide ratio, an appropriate peak fitting was applied [189]. 
The hydrophilic and hydrophobic properties of the studied materials surfaces were studied 
by means of static water contact angles according to the sessile drop method (OCA 20, Data 
Physics) before and after a repeated immersion of the samples in ultra clean water for a 
time period of 10 min. A drop with a volume of 5 μL was set onto the surface of the sample 
by means of a syringe. A picture of the drop was taken by a CCD camera. The volume and the 
static contact angle of the water drop were calculated by an analysis program (SCA 20, Data 
Physics). The static contact angles of water were measured and plotted as a function of 
immersion cycles for all studied surfaces. 
Cyclic voltammetry was performed on bare and plasma treated samples with and without 
adsorbed ODPA monolayers to investigate their effect on the redox currents. A Gamry 
potentiostat with a Gamry ECM8 Multiplexer was used. Prior to the cyclic voltammetry (CV) 
measurements, the samples were kept for 10 s at OCP. The CV curves were taken in a 
potential range from −1150 mVSHE to −750 mVSHE with a sweep rate of 100 mV/s. The starting 
potential was set to −800 mVSHE and four sweeps were measured with an upper and lower 
potential limit of −750 mVSHE and −1150 mVSHE, respectively. For the comparison of different 
surface treatments the fourth sweep was plotted. The samples were fixed in a home–made 
cell with a measuring spot diameter of 1 cm. As electrolyte, borate buffer solution (0.2 M 
H3BO3 + 0.05 M Na2SO4 + 0.05 M Na2B4O7) at room temperature was used. The reference 
electrode was a saturated Ag/AgCl electrode (Radiometer Analytical SAS, France). 
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7.2 Plasma surface chemistry 
 
The native and the plasma treated samples were analyzed by means of XPS and cyclic 
voltammetry to study the influence of the plasma modification on the electrochemical 
surface properties. Zn–Mg–Al alloy samples were first treated with reductive Ar/H2 plasma 
for duration of 60 s to receive an oxide surface free of carbon contaminations with reduced 
film thickness in comparison to the native oxide film. In the next step an O2 plasma was 
performed to increase the thickness of the native oxide film via a plasma oxidation process. 
 
 
Figure 7.1: XPS survey spectra of polished (A), Ar/H2 plasma (B) and Ar/H2 + O2 
plasma treated Zn–Mg–Al surfaces. 
 
Chemical composition of the native and plasma treated oxide films were analyzed by means 
of XPS. The corresponding survey spectra are shown in Figure 7.1. Both the polished Zn–Mg–
Al surface and the plasma treated surfaces showed XPS peaks of oxygen, carbon, zinc, 
aluminum and magnesium. 
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Figure 7.2: O1s detail spectra of (A) a polished Zn–Mg–Al alloy surface, (B) a 
60 s Ar/H2 plasma modified Zn–Mg–Al alloy surface and (C) a subsequent 60 s 
O2 plasma modified Zn–Mg–Al alloy surface. 
 
The overall composition and changes in oxide composition due to the reductive and 
oxidative plasma treatments of the surfaces are given in Table 7.1. The given uncertainty of 
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the measurements of 0.5 at.% results from an estimation given for the equipment by the 
manufacturer. Furthermore, the measured high resolution spectra were fitted by peaks of 
possible oxidation states for each element as listed in column three of the table. 
Additionally, the fitting parameters, BE and full width at half maximum (FWHM) are given in 
columns four and five. The relative percentage of different oxidation states of each element, 
obtained from the fitting procedure are also presented in Table 7.1. 
 
 
Figure 7.3: Atomic ratio of Al/Zn and Mg/Zn as a function of the surface 
condition. 
 
The dominant species of the polished Zn–Mg–Al surface are oxygen with 45.8 at.% and zinc 
with 33.8 at.%. The O1s signal consists of two components, which were fitted by symmetrical 
profiles with a resulting FWHM of 2.0 eV and a chemical shift of 1.5 eV (Figure 7.2). A BE of 
530.5 eV results from the O2– oxidation state of oxygen in the oxide bond, while the 
component at 532.0 eV consists of the contributions from surface hydroxides and oxygen 
containing organic adsorbates on the surface. The chemical composition of these organic 
adsorbates was identified by the components of the C1s signal in Table 7.1. Small content of 
magnesium and aluminum species was found which is also as listed in Table 7.1, the surface 
concentrations of Mg and Al were 1.9 and 2.6 at.% respectively, which means that both 
elements are already enriched within the surface oxide film after the polishing step due to 
atmospheric oxidation. 
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Corresponding XPS measurements were performed on the Ar/H2 modified samples as well 
and a list of measured elements with the corresponding chemical composition, the BE of the 
identified components with the FWHM value and the corresponding percentage are 
summarized in Table 7.1. In comparison to the native oxide film the Ar/H2 plasma treatment 
led to a significant reduction of the carbon contamination. The O1s signal ratio of OH– to O2– 
did not change significantly between the Ar/H2 plasma modified and the native surface film 
(Figure 7.2). However, the surface aluminum concentration significantly increased to 13.9 
at.% and the surface magnesium concentration to 4.5 at.% as a result of the reductive 
treatment. The relative enrichment of Al and Mg in comparison to Zn in the surface oxide 
layer indicates a selective oxidation of Al and Mg during the Ar/H2 plasma treatment which is 
solely able to reduce zinc oxides to zinc due to the higher redox potential of Zn/Zn2+. The low 
residual oxygen partial pressure during the low pressure plasma treatment leads to the 
selective oxidation of Al and Mg and thereby to an enrichment of these elements in the 
surface oxide which is demonstrated in Figure 7.3. The Mg enrichment in the outermost 
oxide layer after Ar/H2 plasma was also observed by Giza and Grundmeier for Zn2Mg 
substrates [55]. 
 
The comparison of the Zn LMM peak before and after Ar/H2 plasma modification (see Figure 
7.4A,B) illustrates that the contribution of metallic zinc is increased after the reducing 
plasma step even after the exposure to a normal lab atmosphere during transport to the XPS 
analysis chamber (exposure time to air: about 5 min). The authors assume that the reduced 
overall oxide film thickness is due to the partial reduction of the zinc oxide film in the 
reducing plasma and the enrichment of Mg and Al oxides which then act as a barrier film 
during the temporary exposure to lab atmosphere. 
After the subsequent O2 plasma modification the carbon contamination decreased even 
further in comparison to the reduced state. Moreover, the oxidative step led to an increase 
in the ZnO content of the oxide film as illustrated by the change in the ratios of the alloy 
components in the oxide film (see Figure 7.3). However, the Al and Mg surface 
concentrations remained still significantly higher than for the native oxide film. 
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Figure 7.4: ZnLMM detail spectra of (A) a polished Zn–Mg–Al alloy surface, (B) 
a 60 s Ar/H2 plasma modified Zn–Mg–Al alloy surface and (C) a subsequent 60 s 
O2 plasma modified Zn–Mg–Al alloy surface. 
 
As a consequence of the oxygen plasma treatment, the OH– /O2– ratio was significantly 
reduced. In comparison to the Ar/H2 plasma, the absence of hydrogen in the oxygen rich 
plasma gas causes the surface hydroxyls to oxidize. 
The content of metallic zinc in the Zn LMM peak in Figure 7.4C decreases in comparison to 
the solely Ar/H2 plasma treated sample. From these results it can be deduced that the O2 
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plasma modification led to the increase of the oxide film thickness. This was also observed 
for Zn2Mg substrates by Giza and Grundmeier [55]. 
 
Figure 7.5: Cyclic voltammograms measured in borate buffer of a polished Zn–
Mg–Al alloy surface (A), after 60 s Ar/H2 plasma modification (B) and after 
subsequent 60 s O2 plasma modification (C). 
 
Figure 7.5 shows the cyclic voltammograms (CVs) of a polished and two plasma modified 
surfaces. The CVs were measured in the range often used for zinc and Zn–Al alloys from 
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−0.75 to −1.15 VSHE [1; 190]. Dafydd et al. suggested that the anodic current peak received 
on Zn–Al alloys in this potential range completely originate from the oxidation of zinc species 
and that aluminum does not take part in the oxidation process [34]. Hausbrand showed that 
the potentials of reduction and oxidation of ZnMg2 are consistent with the redox potentials 
of zinc [42]. 
The voltammograms of the polished (Figure 7.5A) and the Ar/H2 plasma treated (Figure 7.5B) 
samples show an anodic peak at approximately −0.81 VSHE which can be assigned to 
formation of hydroxide and oxide and the corresponding cathodic peak at about −1.0 VSHE 
which can be related to oxygen reduction of dissolved oxygen. The anodic peak of the 
subsequently O2 plasma treated surface lies at −0.84 VSHE and the corresponding cathodic 
peak at −0.98 VSHE. In Figure 7.5A the just polished sample showed constant high current 
densities for all four CVs. The reductive plasma treated (Figure 7.5B) and the subsequent O2 
plasma treated samples (Figure 7.5C) showed a slight increase of the current densities during 
the four cycles. 
 
 
Figure 7.6: Comparison of the last cyclic voltammogram measured in borate 
buffer of a polished Zn–Mg–Al alloy surface (solid line), after 60 s Ar/H2 
plasma modification (dotted line) and after subsequent 60 s O2 plasma 
modification (dashed line). 
 
The fourth scan of the polished and plasma treated samples is shown in Figure 7.6. 
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not show a significant difference (Figure 7.6). The Ar/H2 plasma treatment has almost no 
effect on the redox activity of the surface. However, the subsequent O2 plasma modification 
led to a significant reduction of the redox current densities. The decreasing current density 
of the cathodic peak from polished Zn–Mg–Al (–8×10–4 A cm–2) to Ar/H2+O2 plasma treated 
surfaces (−3×10–4 A cm–2) confirms the increase of the oxide film thickness and the reduction 
of the zinc concentration in the plasma treated oxide film. 
 
7.3 Adsorption and self–organization of organic acids 
 
The PM–IRRAS method was applied for the characterization of the adsorbed ODPA self–
assembly monolayer on the native and plasma modified alloy surfaces. PM–IRRAS can be 
used to analyze mean orientation, packing density and interfacial bond formation of 
adsorbed molecules [106]. After deposition of the organic acids on the substrates, the 
interfacial bond formation can be determined by studying the appearance and the peak 
positions assigned to P=O and P–O vibrations [106]. 
The wavelength region of 2800 cm−1 – 3000 cm−1 of PM–IRRAS measurements in Figure 7.7A 
shows four prominent peaks assignable to the C–H stretching modes of CH2 and CH3 
belonging to the aliphatic chains of ODPA. The PM–IRRAS data shown in Figure 7.7B indicate 
an absence of the peaks of the free acid group P–OH and P=O (1230 cm−1). The absence of 
the free acid groups P–OH and P=O suggests that the adsorbed phosphonic acid functionality 
is deprotonated, which is consistent with the detected broad PO32− stretching mode. Hence 
coordinative binding modes of the octadecylphosphonic acid at the oxide layer of the alloy 
can be assumed. Monodentate coordination is unlikely because the phosphonic acids appear 
to be completely deprotonated. A bidentate condensation is most likely according to the 
fundamental studies of Thissen et al. [106]. 
In all ODPA spectra the stretching mode of PO32− appears in a broad peak at 1080 cm−1. The 
peak at 950 cm−1 is assigned to the Al–O–vibration [85]. 
The methylene stretching modes between 2900 and 3000 cm−1 usually shift to lower 
frequencies with increasing conformational order of the alkyl chains [191–194]. It has been 
observed that an ordered aliphatic monolayer contains chains in an all–trans configuration is 
Adsorption and stability of self–assembled organophosphonic acid monolayers on plasma 
modified Zn–Mg–Al alloy surfaces 
 
 
92 
 
characterized by a certain peak position of the methylene groups (ν CH2)as < 2920 cm−1 and (ν 
CH2)s < 2850 cm−1 for the IRRAS measurements [12; 92; 110; 195]. 
 
Figure 7.7: A and B: PM–IRRAS of Zn–Mg–Al alloy polished and after plasma 
modifications immersed in 10−3 mol/l ODPA. All spectra are referenced to the 
surface spectra taken before ODPA adsorption. 
 
For the here studied surfaces the position of symmetric and asymmetric methylene group 
vibration was observed at 2918 cm−1 and 2849 cm−1 (see Figure 7.7A). This positions lead to 
the assumption that the ODPA layers formed a well ordered monolayer for all studied 
substrates. Based on the ratio of the ν(CH2) to ν(CH3) peaks the averaged tilt angle of the 
aliphatic chains can be calculated according to Tillman et al. [112]. 
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Figure 7.8: A, C and E: XPS P 2p detail spectra of Zn–Mg–Al alloy polished and 
after plasma modifications immersed in 10−3 mol/l ethanolic ODPA solution. B, 
D and F: XPS O 1 s spectra of samples pretreated as above and immersed in 
10−3 mol/l ODPA. First row (A and B): samples were polished. Second row (C 
and D): samples were modified via Ar/H2 plasma. Third row (E and F): samples 
were treated in O2 plasma subsequently. 
 
On the polished substrate the angle to the surface normal was 44° and with a reductive 
plasma as pretreatment an angle of 39° resulted. However, the ODPA adsorption on 
oxidative plasma treated Zn–Mg–Al surface showed an angle of 28°. Based on this 
assumption, it appears that the ordering of the phosphonic acid monolayers on Zn–Mg–Al 
alloys depend on the chemistry of the passive film. The highest order is seen on the ODPA 
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covered substrate after oxygen plasma. The higher ν(CH2) peak intensities especially for the 
polished surface can at least partly be explained by the less up–right orientation of the 
aliphatic film. The intensities of the vibration peaks of CH2 and CH3 groups at 1470 cm−1 
showed the same trend as the stretching vibrations with regard to the peak intensities. 
Based on the ex–situ measurements and the residual aliphatic contaminations on all 
surfaces a more detailed interpretation of these data could not be done for the here studied 
system. 
The results of the XPS measurements of the Zn–Mg–Al surface after the adsorption of ODPA 
with the corresponding peak positions and atomic concentrations based on the curve fitting 
are listed in Table 7.2. The XPS O1s and P2p detail spectra of the Zn–Mg–Al surfaces after 
the adsorption of ODPA SAMs are shown in Figure 7.8.  
The XPS analysis of the bare substrates in comparison to the ODPA covered substrates show 
a similar behavior. Both plasma treatments led to an increase of the surface aluminum and 
magnesium content. The O1s spectra for polished and Ar/H2 plasma treated samples showed 
a higher content of OH− in the outermost layer. For the Ar/H2 and subsequently O2 plasma 
treated surface the ratio of OH− and O2− is almost 1:1. 
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Prior to the adsorption of the phosphonic acid, no intensities of phosphorus species could be 
observed in the XP spectrum. The overall composition of the surface confirmed that ODPA 
could be irreversibly adsorbed on the Zn–Mg–Al surface. The maximum of the P2p peak was 
observed for binding energies between 133.8 and 134.2 eV. The FWHMs varied from 1.7 to 
2.1 eV and the spectrum was significantly broadened towards higher binding energies (BE).  
This effect is attributed to the P2p3/2–P2p1/2 spin–orbit coupling [196]. The distance 
between these two peaks is 0.9 eV so that they appear to be overlapped. The P2p BE value 
of this experiment is within those limits reported in the literature for Na2HPO4 and NaH2PO4 
found at 133.2 eV and 134.2 eV, respectively [197]. The observed ratio of hydroxide peak 
area to the overall O1s peak before ODPA adsorption is, according to the results of Bram et 
al. [111], large enough for an effective adsorption of organic acids to the Zn–Mg–Al surface. 
 
7.4 Stability of organic acids on Zn–Mg–Al alloys 
 
The stability of the adsorbed organic acids was studied in aqueous solutions. Static water 
contact angle measurements were performed for the study of the hydrophobicity of the 
respective ODPA covered surfaces before and after the immersion in water for defined 
periods of time. Such water contact angle measurements are a simple and reliable source of 
information concerning the state of ordering of adsorbed long chain aliphatic monolayers 
with a non–polar terminating group such as CH3. The resulting tendencies are illustrated in 
Figure 7.9. 
For comparison the values for the bare oxide covered alloy were also presented. The bare 
substrates showed a decrease of the contact angle with time starting from 45° and 65° most 
probably based on the dissolution of organic contamination in the aqueous phase and the 
hydroxylation of the surface oxide. The initial contact angles of the ODPA SAM covered 
surfaces samples were about 100°–110° indicating a well ordered aliphatic monolayer[106]. 
The SAM coated and bare alloy surface samples were then immersed in water several times 
for 10 min and afterwards dried in a stream of pure nitrogen. After seven cycles of 
immersion, the contact angle of the bare substrates was about 10° to 30°. 
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Figure 7.9: Water contact angle of polished and plasma treated Zn–Mg–Al 
alloy coated with ODPA versus the number of immersion cycles in water. The 
samples were immersed in water for 10 min in each case and afterwards dried 
in a stream of nitrogen. The measurements were accomplished with three 
different states of the alloy surface: the polished surface (circle), the Ar/H2 
plasma treated surface (diamond) and the subsequently O2 plasma treated 
surface (cross). 
 
In contrast, contact angles over the immersion time for ODPA covered plasma treated 
surfaces decreased only slowly with time. The combination of the reductive/ oxidative 
plasma treatment led to the most stable contact angles. Especially the ODPA SAM on the 
just–polished surface showed a significantly lower stability which can be attributed to the 
residual surface contamination which hinders the adsorption and self–assembly of the 
organophosphonic acid. 
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7.5 Blocking of surface sites oxide covered on Zn–Mg–Al alloys by ODPA 
SAMs 
The reactivity of Zn–Mg–Al alloy surfaces was analyzed by means of cyclic voltammetry in 
borate buffer.  
 
Figure 7.10: Cyclic voltammograms measured in borate buffer of ODPA 
monolayer covered samples; a polished Zn–Mg–Al alloy surface (A), after 60 s 
Ar/H2 plasma modification (B) and after subsequent 60 s O2 plasma 
modification (C). 
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In Figure 7.10 the cyclic voltammograms of the polished and plasma modified surfaces 
covered by ODPA are shown. For all substrates, the ODPA monolayer formation led to 
significant reduction in the redox current densities in comparison to the bare substrate. 
 
 
Figure 7.11: Comparison of the fourth cyclic voltammogram measured in borate 
buffer of ODPA monolayer covered samples; a polished Zn–Mg–Al alloy surface 
(solid line), after 60 s Ar/H2 plasma modification (dotted line) and after 
subsequent 60 s O2 plasma modification (dashed line). 
 
The polished sample covered with an ODPA monolayer showed an increase of the current 
density during the potential sweeps (Figure 7.10A). After four cycles the current density 
reached the same value as for the uncovered sample (Figure 7.5A). This indicates that the 
ODPA layer is almost completely removed after the fourth cycle due to the low stability of 
the ODPA monolayer on the zinc alloy as already observed by means of contact angle 
studies. The reductive plasma treated sample covered with ODPA (Figure 7.10B) showed 
only a slight increase of the current densities during the cycles (Figure 7.5B). For the sample 
treated with an Ar/H2 plasma, a subsequent O2 plasma and ODPA adsorption (Figure 7.10C) 
no significant current density increase was observed during the cycles. In Figure 7.11 the 
comparison of the last cycle of the polished and plasma treated samples covered with ODPA 
is shown. The maximum current density of the anodic peak decreased from 4.0×10−4 A cm−2 
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on the polished surface to about 1.5×10−4 A cm−2 on the Ar/H2 and to 0.15×10−4 A cm−2 for 
the additionally O2 plasma modified Zn–Mg–Al alloy surface. 
For the plasma treated and ODPA covered Zn–Mg–Al substrate a strong decrease of the 
anodic and cathodic current density was observed. The comparison of the bare and covered 
with ODPA substrate of Zn–Mg–Al with Ar/H2 shows a decrease of the maximum anodic 
current density from 3.8×10−4 A cm−2 to 1.5×10−4 A cm−2. For the samples with subsequent 
O2 plasma treatment the maximum anodic current density for the bare substrate decreased 
from 1.3×10−4 A cm−2 to 0.15×10−4 A cm−2 for the SAM covered sample. 
 
7.6 Conclusions 
 
XPS results clearly demonstrate the change of the chemical composition of the passive film 
formed on a Zn–Al–Mg alloy as a result of reducing and oxidizing plasma treatments. The 
Ar/H2 plasma reduces the carbon contamination and increases the content of aluminum and 
magnesium oxide in the outermost oxide layer while ZnO is partially reduced to Zn. An 
additional O2 plasma treatment again increases the ZnO layer thickness which is likely to 
occur below the Al and Mg rich oxide film formed after the reducing plasma. 
This mixed surface Al,Mg–oxide film formation leads to a strong inhibition of redox 
processes of the alloy surface as revealed by cyclic voltammetry. The formation of self–
assembled monolayers of ODPA was influenced by the oxide layer composition. As revealed 
by means of PM–IRRAS data and static water contact angles, ODPA SAMs show an improved 
ordering and a higher stability in aqueous solutions for surfaces enriched in Mg and Al–
oxides in comparison to those which are rich in ZnO. The combination of an oxide enriched 
in Al and Mg with an ODPA SAM leads to a strong inhibition of redox reactions of the oxide 
film surface. 
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8 Surface chemistry and adhesive properties of plasma modified 
Zn–Mg–Al alloy coatings2 
 
Aminopropylphosphonic acid (APPA) was investigated as a short–chain bi–functional 
adhesion promoter to enhance the interface stability of an epoxy amine adhesive coated 
zinc magnesium aluminum alloy coated steel. The effect of oxidative and reductive plasma 
treatments on the surface chemistry, the adhesive and electrochemical properties of the 
passive film was studied by means of Fourier transform – infrared reflection absorption 
spectroscopy (FT–IRRAS), X–ray photoelectron spectroscopy (XPS), a 90° peel test at >95 % 
r.h. and scanning Kelvin probe (SKP) measurements. FT–IRRAS in combination with XPS 
analysis showed that even in the plasma cleaned state and after the adsorption of the 
phosphonic acid, the passive film still contains carbonate ions. Both plasma treatments led 
to a negative shift of the interfacial electrode potential and to a significant increase in the 
peel force of an epoxy film, due to desorption of weakly bound carboxylic acids as well as 
enrichment of Mg and Al ions in the passive film surface. 
 
8.1 Experimental 
 
8.1.1 Modification of the surface by plasma treatment 
 
Zinc magnesium aluminum coated steel provided by ThyssenKrupp Steel Europe AG (ZM) 
was cut into coupons of 45 mm x 10 mm size and cleaned with a three–step solvent cleaning 
procedure. The substrates were introduced subsequently in an ultrasonic bath for 30 min, 
first in THF then in iso–propanol and finally in ethanol (all solvents, reagent grade, Merck, 
Germany). After each step the coupons were dried with clean, compressed air. 
The low pressure plasma treatments were performed in a custom made plasma chamber 
operated at a base pressure of 10–4 mbar [80; 199]. Pure Ar or an equimolar mixture of 
Ar/O2 (Air Liquide, Argon 5.0 and Oxygen 4.5) was dosed into the plasma chamber to reach a 
process pressure of 0.3 mbar. The duration of the plasma treatments was selected as 380 s. 
                                                     
2 The content of this chapter is adopted from publication [198]. 
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8.1.2 Application of adhesion promoter and the model polymer coating 
 
Two different sets of samples were prepared and analyzed to investigate the individual 
effects of different plasma treatments and the subsequent APPA adsorption. In the first set 
the model epoxy–amine polymer was applied directly onto the as–cleaned and plasma 
modified ZnMgAl alloy samples, whereas in the second set APPA adsorption was performed 
on the samples prior to the coating of the polymer film. The adhesion promoter APPA 
(99.99%, Sigma Aldrich, Germany) treatment was performed by means of self–assembly 
from 1 mM aqueous solution of the respective salt. The adsorption time was chosen as 1.5 h, 
followed by a rinsing step with de–ionized water and drying under a stream of clean, dry air. 
As the model polymer film a hot–curing two–component epoxy resin adhesive was used 
(epoxy resin D.E.R. 331 P provided by Dow Chemicals, Germany and amine hardener 
Jeffamin D400 provided by Huntsmann, Germany). The adhesive was mixed and degased in 
vacuum for two hours prior to the application on the zinc magnesium aluminum alloy. The 
adhesive film was countered by an aluminum foil to form a joint to avoid artefacts like 
preferential evaporation during the hardening. The hardening was performed for 1 h at 393K 
with a mechanical pressure of approximately 50 g/cm2 [9] on the sandwich–type ZM 
alloy/(with and without APPA)/adhesive/aluminum foil specimen arrangement. After the 
hardening, the aluminum foil was removed, leaving the substrate with about 130µm thick 
layer of the free standing polymer film. 
 
8.1.3 Characterization of the surface chemistry after plasma treatments and APPA 
adsorption 
 
X–ray photoelectron spectroscopy was used to study the influence of the low pressure 
plasma treatments on the surface chemistry of ZM and the adsorption of APPA. X–ray 
photoelectron spectra were recorded with an Omicron ESCA+ System (Omicron 
NanoTechnology GmbH, Germany), utilizing a Al Kα X–ray source and a spot diameter of 
600µm, with a step size of 0.05 eV at a constant pass energy of 25 eV and a base pressure of 
< 2·10–9 mbar. The take–off angle was set to 60° with respect to the surface plane. The 
spectra were fitted with the CASA XPS [200] software using a Shirley background and a 
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mixture of Gaussian and Lorentzian fitting for the peak shapes. For the quantification, 
relative sensitivity factors supplied from Omicron GmbH were implemented in the CASA XPS 
database. All spectra were calibrated using the C1s peak (binding energy, BE = 285 eV) as 
internal reference. 
A custom made height regulated scanning Kelvin probe was used to analyze the plasma 
induced changes in the oxide chemistry [55; 124; 127; 130]. The experiments were 
performed under high humidity (>90% r.h.) and the interface potentials were referenced to 
Cu/CuSO4 prior to the measurements. 
 
The formation of aminopropylphosphonic acid films on as–cleaned and plasma modified 
surfaces was investigated by means of Fourier transform – infrared reflection absorption 
spectroscopy (FT–IRRAS, Bruker Vertex V70). The spectra were collected at an 80° incidence 
angle by means of a MIR–DTGS (mid–infrared deuterated triglycine sulfate) detector, with a 
resolution of 4 cm–1 by averaging over 512 single scans to achieve spectra with a high signal 
to noise ratio. 
 
8.1.4 Peel–test measurements 
 
To measure the wet de–adhesion force, peel–off tests were performed [37; 126; 154]. The 
samples coated with the free–standing polymer film were exposed to high humidity (>97%) 
at 40 °C for 24 hours prior to the peel–test measurements. Peel–tests were performed at a 
constant angle perpendicular to the sample surface and with constant 4mm/min peel 
velocity using a force gauge (model ZP–5, Imada, Tokyo, Japan) and a motorized peel tester 
(MV–220 Motorized Test Stand, Imada, Tokyo, Japan) under 90% relative humidity at a 
temperature of 20.5 ± 0.5 °C. 
 
8.2 Characterization of the plasma modified samples  
 
X–ray photoelectron spectroscopic (XPS) studies have been performed to reveal the 
influence of the plasma modification on the native oxide layer. The overall atomic 
compositions and component percentages of possible oxidation states for each element 
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along with the respective binding energy (BE) and full width at half maximum (FWHM) values 
used for the analysis are summarized in Table 8.1. As seen in Table 8.1, the outermost native 
oxide layer, which determines the chemical and electrochemical properties of the alloy 
surface, consists of a solid solution of magnesium–aluminum–zinc hydroxide with a small 
amount of respective oxides and carbonates. The dominant species on the solvent cleaned 
ZM surface was oxygen with 45.4 at.% and carbon with 27.8 at.%. The C1s spectra indicated 
the presence of different organic species like aliphatic hydrocarbons, alcohols, carboxylic 
acids and carbonates. All plasma treatments reduced the oxygen containing carbon 
contaminations. 
In Figure 8.1 the O1s detail spectra of the solvent cleaned and plasma treated surfaces are 
presented. On the as–cleaned sample the O1s signal is composed of three components, 
which were fitted by symmetrical profiles resulting in a FWHM of 2.1 eV. The peak observed 
at 530.6 eV was assigned to oxygen O2– ions in the metal oxide, whereas the component at 
532.1 eV includes the contributions from surface hydroxides and oxygen containing organic 
adsorbates at the surface. The peak at 533.4 eV was assigned to molecular water, generally 
present in the oxy–hydroxides of aluminum and magnesium surfaces and the carbonate–
based species in the oxide layer. 
The comparison of the as–cleaned and plasma treated surfaces has shown no significant 
changes in the overall oxygen content and the differences were observed mainly in the 
hydroxide to oxide ratio indicating a successful modification of the surface chemistry in 
favour of oxidic species. For the plasma modified samples, the maximum of the O1s signal 
shifted slightly to lower binding energies compared to the as–cleaned sample which could be 
explained with the change in the oxide/hydroxide ratio. 
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Figure 8.1: XPS O1s detail spectra of (A) as–cleaned, (B) Ar plasma and (C) 
Ar/O2 plasma treated ZM surfaces. 
 
In Figure 8.2, the changes in Al, Mg and Zn to the sum of the metals on the as–cleaned and 
plasma activated ZM surfaces are presented. For the as–cleaned surface the magnesium 
content dominates the metallic contributions on the surface After the reductive Ar plasma 
treatment, an increase in the aluminum content and a decrease in the magnesium content 
were observed (Figure 8.2). The oxidative Ar/O2 plasma treatment resulted in a slight 
increase in aluminum concentration compared to the as–cleaned surface along with a slight 
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decrease in magnesium yielding an almost equimolar ratio of both metals (Figure 8.2). 
However a significantly higher amount of Al and Mg compared to Zn were observed on the 
plasma modified surfaces, especially on the Ar plasma treated surfaces. The surface 
concentration of zinc was virtually not affected by the plasma treatments. 
 
 
Figure 8.2: Atomic ratio of Mg, Al and Zn to sum of metal concentration on the 
surface as a function of the surface condition. 
 
Furthermore, scanning Kelvin probe (SKP) measurements were performed to investigate the 
changes in the electrochemical properties of the alloy surfaces after the plasma treatments. 
Half of the sample was protected during the plasma treatment to enable a direct comparison 
of the potential of the native and the plasma modified oxide surface film. In the SKP profiles 
presented in Figure 8.3, shifts to more negative potentials were observed both after the 
argon and the oxygen plasma treatments. The native oxide layer on zinc magnesium showed 
a potential of –360mVSHE while the potential of the plasma modified surface was about 300 
mV more negative. It is known that the Volta potential is influenced by several factors such 
as oxide thickness, oxide conductivity, chemical composition, and surface adsorbates [201; 
202]. Additionally, the Volta potential correlates with the band gap width which is affected 
by parameters like e.g. the (hydr)oxide content, oxide resistance, doping concentration, etc. 
[60; 203]. 
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Figure 8.3: SKP potential profile of a Zn–Mg–Al sample half treated with a) Ar– 
and b) Ar/O2– plasma treated in dry atmosphere (< 10% r.h.) 
 
For the Ar and Ar/O2 plasma modified substrates, the increase of the Al concentration on 
the surface caused a strong decrease of the potential which is explained by the combined 
effect of the insulating nature of aluminum oxide and the lowered hydroxide/oxide ratio of 
the surface films after plasma treatment [60; 64]. 
 
8.3 Adsorption of APPA on the plasma modified sample surface 
 
The formation of APPA monolayers on the as–cleaned and plasma modified alloy surfaces 
was studied by means of FT–IRRAS and XPS. FT–IRRAS enables the determination of the 
interfacial interaction modes based on the appearance and the peak positions of P–O and 
P=O vibrations [9; 106]. The FT–IRRA difference spectra of the ZM after APPA adsorption, 
with the respectively pretreated substrates as reference, are presented in Figure 8.4. In all 
spectra the peak observed at 1000 cm–1 was assigned to the Al–O and Al–OH vibration 
according to Wapner et al [9]. In the spectrum of the solvent cleaned sample an additional 
peak has been observed at 1170 cm–1 which was assigned together with the deformation 
vibrations at 800 – 950 cm–1 to the ZnOH vibrations [13]. A broad peak was observed around 
1100 cm–1 for the Ar and Ar/O2 plasma treatments. This peak is assigned to the asymmetric 
P–O vibration of phosphonate groups. The absence of the free acid groups P=O and P–OH 
suggests that the adsorbed phosphonic acid functionality is deprotonated, which is in 
consistent with the presence of the broad peak belonging to the PO32– stretching mode. In 
the case of solvent cleaned surfaces, the peak maximum in the range of the P–O vibration 
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shifted to lower wavenumbers which could be explained by an overlapping with the 
aluminum oxide vibration. Additionally, a peak at around 880 cm–1 appeared on the solvent 
cleaned substrate. This peak can be assigned to the P–OH vibrations of the phosphonic acid 
group [7; 8; 42; 97]. 
 
Figure 8.4: FT–IRRA difference spectra of (A) solvent cleaned, (B) Ar plasma 
and (C) Ar/O2 plasma treated ZM surfaces (the difference spectra has been 
calculated by taking as–cleaned (for A), Ar plasma treated (for B) and Ar/O2 
(for C) plasma treated ZM surfaces as reference). 
 
The presence of the P–OH vibration modes in the spectrum leads to the conclusion that the 
binding mechanism on the solvent cleaned surface is governed by a mixed mode adsorption, 
where tri–dentate bonds coexist with bidentate bonds. The negative peak around 1600 cm–1 
is assigned to the deformation vibration of water, which is decreasing after the adsorption of 
APPA for all surfaces. In the infrared spectra of the Ar/O2 treated surface an additional 
negative peak has been observed at 1420 cm–1, which was assigned to the symmetric 
vibration of carbonate groups indicating a minute remove of surface contaminations by the 
aqueous APPA solution. 
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Figure 8.5: (A), (C) and (E): XPS C1s detail spectra of ZM as–cleaned and after 
plasma modifications. (B), (D) and (F): XPS C1s spectra of samples pretreated 
as above and immersed in 10–3 M aqueous APPA solution. First row ((A) and 
(B)): solvent cleaned samples. Second row ((C) and (D)): samples were Ar 
plasma treated. Third row ((E) and (F)): samples were activated via Ar/O2 
plasma. 
The C 1s detail spectra of the XPS measurements of the ZM surface before and after the 
adsorption of APPA are shown in Figure 8.5. The C1s spectra of all samples contain four 
components. In comparison to the bare substrates the C1s spectra for the as–cleaned and 
plasma treated samples after APPA adsorption a slight decrease of the carbonate and 
organocarboxylates was observed. This result supported the FT–IRRAS results regarding the 
negative peak in the region for carbonate species. 
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Figure 8.6: (A), (C) and (E): XPS P2s detail spectra of ZM as–cleaned and after 
plasma modifications immersed in 10–3 M aqueous APPA solution. (B), (D) and 
(F): XPS N1s spectra of samples pretreated as above and immersed in 10–3 M 
APPA. First row ((A) and (B)): solvent cleaned samples. Second row ((C) and 
(D)): samples were Ar plasma treated. Third row ((E) and (F)): samples were 
activated via Ar/O2 plasma. 
The data of the XPS analysis on the ZM surfaces after the adsorption of APPA with the 
corresponding peak positions and atomic concentrations are presented in Table 8.2. After 
APPA adsorption, the O1s signal did not show any peak for water which is also observed in 
the FT–IRRA spectra. The N1s and P2s detail spectra of the ZM surfaces after the adsorption 
of APPA are shown in Figure 8.6. 
 
404 402 400 398
6200
6400
6600
6800
7000
7200
7400
-NH+3
N1sF
CP
S
Binding Energy / eV
-NH2
404 402 400 398
5800
6000
6200
6400
6600
6800
7000 -NH2
-NH+3
N1sD
CP
S
Binding Energy / eV
404 402 400 398
6200
6400
6600
6800
7000
7200
7400 -NH2
-NH+3
N1sB
CP
S
Binding Energy / eV
196 194 192 190 188 186
3000
3500
4000
4500
5000
5500
6000
P2sE
CP
S
Binding Energy / eV
PO2-3
196 194 192 190 188 186
3000
3500
4000
4500
5000
5500
6000
P2sC
CP
S
Binding Energy / eV
PO2-3
196 194 192 190 188 186
3000
3500
4000
4500
5000
5500
6000
P2sA
CP
S
Binding Energy / eV
PO2-3
Surface chemistry and adhesive properties of plasma modified Zn–Mg–Al alloy coatings 
 
 
112 
 
Ta
bl
e 
8.
2:
 A
to
m
ic
 c
om
po
si
ti
on
 (
at
.%
) 
of
 A
PP
A
 c
ov
er
ed
 s
am
pl
es
 a
na
ly
ze
d 
by
 X
PS
. 
 
Ar
/O
2 p
la
sm
a 
at
%
 
6.
6 
10
.1
 
4.
7 
17
.8
 
1.
3 
51
.9
 
7.
7 
Pe
ak
%
 
10
0.
0 
10
0.
0 
10
0.
0 
51
.7
 
32
.5
 
9.
1 
6.
7 
64
.4
 
35
.6
 
71
.1
 
28
.9
 
10
0.
0 
FW
HM
 
2.
5 
2.
3 
3.
4 
1.
8 
2.
4 
2.
6 
2.
8 
BE
/ e
V 
50
.4
 
74
.4
 
19
1.
3 
28
5.
0 
28
6.
4 
28
8.
3 
29
0.
1 
40
0.
5 
40
2.
4 
53
1.
8 
53
3.
2 
10
22
.7
 
Ar
 p
la
sm
a 
at
%
 
6.
7 
9.
0 
4.
8 
19
.6
 
1.
3 
50
.6
 
7.
9 
Pe
ak
%
 
10
0.
0 
10
0.
0 
10
0.
0 
56
.2
 
29
.3
 
7.
6 
6.
9 
85
.2
 
14
.8
 
76
.4
 
23
.6
 
10
0.
0 
FW
HM
 
2.
3 
2.
2 
3.
2 
1.
8 
2.
4 
2.
4 
2.
5 
BE
/ e
V 
50
.3
 
74
.4
 
19
1.
1 
28
5.
0 
28
6.
3 
28
8.
2 
28
9.
9 
40
0.
4 
40
1.
9 
53
1.
7 
53
3.
0 
10
22
.6
 
So
lv
en
t c
le
an
ed
 
at
%
 
8.
4 
7.
4 
2.
7 
28
.7
 
1.
5 
45
.6
 
5.
8 
Pe
ak
%
 
10
0.
0 
10
0.
0 
10
0.
0 
57
.9
 
26
.1
 
8.
7 
7.
3 
94
.4
 
5.
6 
85
.4
 
14
.6
 
10
0.
0 
FW
HM
 
2.
2 
2.
0 
3.
1 
1.
7 
2.
4 
2.
5 
2.
4 
BE
/ e
V 
50
.2
 
74
.4
 
19
1.
1 
28
5.
0 
28
6.
4 
28
8.
1 
28
9.
5 
40
0.
4 
40
2.
4 
53
2.
0 
53
3.
5 
10
22
.7
 
 
 
M
g0
/2
+ 
Al
3+
 
PO
32
– 
C–
H 
/ C
–C
 
C–
O
H 
C–
O
O
H 
CO
32
–  
–N
H 2
 
–N
H 3
+ 
O
2–
 
O
H–
 
Zn
0/
2+
 
 
M
g 
2p
 
Al
 2
p 
P 
2s
 
C 
1s
 
N
 1
s 
O
 1
s 
Zn
 2
p 3
/2
 
 
Surface chemistry and adhesive properties of plasma modified Zn–Mg–Al alloy coatings 
 
 
113 
 
Prior to the adsorption of APPA, no phosphorus or nitrogen containing species were 
observed in the XP spectrum. The overall composition of the surface confirmed that APPA 
could be irreversibly adsorbed on the ZM surface. The maximum of the P2s peak was 
observed for binding energies around 191.0 eV. The N1s peak consists of two peaks for the 
NH2 and NH3+ ion. The binding energy for the non protonated NH2 group is located at around 
400.3 eV and at 402.3 eV for the protonated state. The adsorption of the aminophosphonate 
adhesion promoter on the ZM surface occurs via the phosphonic acid functionality as shown 
by means of FT–IRRAS measurements (Figure 8.4). Nevertheless, a partial adsorption via the 
amine function cannot be fully excluded. The presence of two amine species might indicate 
the adsorption of carboxylic acids on the amino terminated surface. The formation of the 
alkylammonium salt of the carbamic acid as primary product between carbon dioxide and 
neat amines (R–NHCO2– +NH3–R) has already been discussed for adsorbed aminosilane layers 
by Dreyfuss et al [204] and for adsorbed aminophosphonate layers by Wapner et al [9]. 
 
8.4 The effect of plasma treatments and APPA adsorption on the adhesion 
of epoxy amine coating on Zn–Mg–Al alloy surfaces 
 
In order to analyse the influence of the plasma treatment and application of APPA as 
adhesion promoter on the adhesion strength, wet de–adhesion forces were measured by 
means of a 90° peel–test setup [37; 126; 154]. In Figure 8.7, the peel forces of the model 
epoxy–amine polymer film on the as–cleaned and plasma treated ZM surfaces with and 
without APPA layer are presented. 
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Figure 8.7: Peel forces measured in humid atmosphere of the native and 
plasma treated surfaces with and without APPA layer coated with epoxy amine 
resin.  
 
The peel forces observed on the Ar/O2 and with Ar plasma treated samples were 0.4 N/mm 
and 0.34 N/mm, respectively. In comparison, for the as–cleaned alloy surface a much lower 
peel force of 0.16 N/mm was observed. Considering the cleaning effect observed with both 
plasma treatments, the increase in adhesion forces could be explained by the lowering of 
the carboxylate–based surface contaminants. Moreover, it is known that the presence of 
surface hydroxyls and water have an adverse effect on macroscopic adhesion [9; 113]. Based 
on the XPS results, a decrease in the surface hydroxyl concentration and a significant 
decrease in adsorbed molecular water were observed together with a decrease in the 
carboxylate containing surface contaminations. The combination of these effects could 
explain the observed increase of adhesion after both plasma treatments. 
The adhesion force strongly increased for all systems when APPA was applied on the alloy 
surface. APPA treatment on the solvent cleaned substrate resulted in a three–fold increase 
of peel force. On the Ar and Ar/O2 plasma treated surfaces similar even higher adhesion 
forces of 1.1 N/mm and 0.97 N/mm were observed when APPA was applied as an interfacial 
adhesion promoter. This result is in good agreement with the spectroscopic findings. 
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8.5 Conclusions 
 
The influence of Ar and Ar/O2 plasma modifications and the adsorption of APPA as a 
monomolecular adhesion promoting layer were investigated on ZnMgAl–alloy surfaces. The 
results demonstrated that by plasma treatments, not only the surface contaminations could 
be reduced but the hydroxide–rich surface layer was converted to an oxide rich film. 
Moreover, the Al surface concentration increased. However, the passive film contained 
carbonate ions before and after the plasma activation step. Both chemical changes led to a 
negative shift of the surface potentials as measured by SKP. Moreover, the change in surface 
chemistry towards higher aluminum concentrations and slight removal of water after both 
plasma treatments resulted in an increase of the peel forces of the epoxy amine polymer on 
the ZM surface in humid environment. 
APPA adsorption was investigated on as–cleaned and plasma treated alloy surfaces and the 
coordinative bonding of the APPA and the remove of molecular water was observed on both 
plasma treated ZM surfaces. The peel test results showed a significant increase of the peel 
forces after APPA adsorption on all investigated surfaces in comparison to the bare oxide 
surfaces. The plasma activation led to an increased density of coordinative bonds between 
the phosphonic acid group and the oxide covered alloy surface which resulted in higher peel 
forces in humid environment. The results show that the molecular adhesion promotion by 
means of bi–functional phosphonic acids can be successfully done for a ZnMg Al–alloy. 
However, a plasma activation of the surface leads to an even improved interfacial binding 
process. 
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9 Overall conclusions and outlook 
 
The aim of the presented work was to develop a deeper understanding of the mechanism of 
corrosion and corrosion protection of zinc magnesium aluminum coated steel. The corrosion 
properties of zinc aluminum coated steel was used as a reference. In this context the 
influence of plasma and phosphonic acids were tested in form of long chain for self–
assembly and as short chain molecule as adhesion promoter. 
The SEM images clearly demonstrated inclusions on the surface and by means of EDX this 
inclusions could be identified as aluminum/iron particles on the surface. Additionally the 
SKPFM measurements showed potential differences on the grain independent of the 
topography which could be assigned to the inclusions observed in SEM and EDX. The EBSD 
measurement has shown the preferred orientation of the crystallized zinc underneath the 
native oxide layer to be 0001. 
The in–situ corrosion analysis performed in 0.05 M NaCl showed the growth of mainly zinc 
oxide preferred at the grain boundaries and at defects on the surface. Additionally an 
increase of the pH was observed which stabilize the formed zinc oxide on the surface. The 
Raman spectra obtained during electrolyte flow showed different composition of the oxide 
layer directly after the exposure to the electrolyte dependent on the pH. In the case of pH 3 
the dissolution and oxidation of zinc were in equilibrium therefore the OCP stayed constant 
during the exposure. In neutral and alkaline pH the OCP was 100 mV decreasing. The amount 
of oxide and hydroxide is on the grain increasing at pH 7 and at the grain boundary the 
amount stays constant. At pH 11 the amount is slowly increasing at all points. 
The SEM pictures clearly demonstrated the complex microstructure composed of Zn, Zn–Mg 
and Zn–Al phases. The in–situ corrosion analysis in 0.05 M sodium chloride solution showed 
that the corrosion started at several points and was then growing over the surface. As main 
corrosion product ZnO was monitored in the Raman spectra. Additionally an increase of the 
pH was observed which stabilize the formed of zinc oxide. The Raman spectra of the pH 
dependent measurements showed different composition of the oxide layer after exposure 
to the electrolyte. In the case of pH 3 and 7 the dissolution and oxidation of zinc were in 
equilibrium therefore the OCP stayed constant during the exposure. At pH 11 the amount is 
slowly increasing at all points. 
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The in–situ corrosion analysis performed in 0.05 M sodium chloride solution and 0.5 ml/ min 
flow rate on Zn–Al/Fe and Zn–Mg–Al/Fe interfaces showed to protect the iron. On the zinc/ 
iron surface zinc oxide was mainly formed in the zinc surface. In comparison to this Zn–Mg–
Al/ Fe cut edge showed a dissolution of ions which were then precipitated on the iron 
surface. 
XPS results clearly demonstrate the change of the chemical composition of the passive film 
formed on a Zn–Al–Mg alloy as a result of reducing and oxidizing plasma treatments. The 
Ar/H2 plasma reduces the carbon contamination and increases the content of aluminum and 
magnesium oxide in the outermost oxide layer while ZnO is partially reduced to Zn. An 
additional O2 plasma treatment again increases the ZnO layer thickness which is likely to 
occur below the Al and Mg rich oxide film formed after the reducing plasma. 
This mixed surface Al,Mg–oxide film formation leads to a strong inhibition of redox 
processes of the alloy surface as revealed by cyclic voltammetry. The formation of self–
assembled monolayers of ODPA was influenced by the oxide layer composition. As revealed 
by means of PM–IRRAS data and static water contact angles, ODPA SAMs show an improved 
ordering and a higher stability in aqueous solutions for surfaces enriched in Mg and Al–
oxides in comparison to those which are rich in ZnO. The combination of an oxide enriched 
in Al and Mg with an ODPA SAM leads to a strong inhibition of redox reactions of the oxide 
film surface. 
In this paper, the influence of reductive and oxidative plasma modification and the 
adsorption of APPA as adhesion promoter were investigated on ZM surfaces. The results 
demonstrated that with both plasma treatments, the hydroxide–rich surface layer was 
converted to an oxide rich film and the Al concentration was increasing resulting in a 
negative shift of the SKP potentials. Moreover, the change in surface chemistry towards 
higher aluminum concentrations and slight removal of water after both plasma treatments 
resulted in an increase of the adhesion forces of the model epoxy amine polymer on the ZM 
surface. 
APPA adsorption was investigated on as–cleaned and plasma treated alloy surfaces and the 
coordinative bonding of the APPA and the remove of molecular water was observed on both 
plasma treated ZM surfaces. The peel test results have shown a significant increase of the 
adhesion forces after APPA adsorption on all investigated surfaces with respect to the bare 
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substrates. The presence of coordinative bonds between the phosphonic acid group and the 
alloy surface have resulted in higher adhesion forces on plasma treated surfaces in 
comparison to the solvent cleaned surface. 
Understanding the corrosion processes of the alloy interface was shown to be crucial for 
explaining the performance of corrosion protection of the modified alloy surfaces. But some 
questions related to the characterisation of the corrosion mechanism are still open, e.g. the 
influence of anions and cations on the corrosion rate analyzed by means of in–situ X–ray 
diffraction. In–situ experiments performed by Raman spectroscopy to monitor the corrosion 
products formed at the polymer/metal interface during the delamination process could be a 
possibility. 
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Abbreviations and symbols 
Abbreviations 
AC alternating current 
AES Auger electron spectroscopy 
AFM atomic force microscopy 
AOI angle of incidence 
APPA 3–aminopropylphosphonic acid 
at.% atomic percentage 
BE binding energy 
CCD charge–coupled device 
CV cyclic voltammetry 
DC direct current/  
DC mode dynamic contact mode 
EBSD electron backscatter diffraction 
EDX electron dispersive X–ray 
FIB Focus ion beam 
FT–IR Fourier transform infrared spectroscopy 
FT–IRRAS Fourier transform infrared reflection absorption spectroscopy 
FWHM full width at half maximum 
IC ion chromatography 
Mag Magnitude 
MBT 2–mercaptobenzothiazole 
MCT mercury cadmium telluride detector 
MIR–DTGS mid–infrared deuterated triglycine sulfate detector 
OCP open circuit potential 
ODPA octadecylphosphonic acid 
p.a. pro analysis 
PM–IRRAS polarization modulated IRRAS 
ppm parts per million 
PVD physical vapour deposition  
r.h. relative humidity 
SAM self–assembled monolayer 
sccm standard cubic centimeter per minute 
SEM scanning electron microscopy 
SERS surface enhanced Raman spectroscopy 
SHC strip hollow cathode 
SKP scanning Kelvin probe 
SKPFM scanning Kelvin probe force microscopy 
THF tetrahydrofuran 
Tof–SIMS Time–of–flight secondary ion mass spectrometry 
UHV ultra–high vacuum 
WD work distance 
wt% weight percent 
XPS X–ray photoelectron spectroscopy 
Z hot–dipped galvanized steel, coating: Zn + <0.5wt% Al 
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ZE electrogalvanized steel 
ZM hot–dipped galvanized steel, coating: Zn + 1–2wt% Mg +1–2wt% Al 
 
Symbols 
A frontal tip area of SKP needle 
α angle between alkyl chain axis and surface normal or polarisability 
c concentration of illuminated material 
𝑐̅ light speed 
C capacitance 
γSG solid/gas interface tension 
γSL solid/liquid interface tension 
γLG liquid/gas interface tension 
d0 Distance between sample surface and tip 
dx length of illuminated material 
E electromagnetic field 
Ep electromagnetic field of parallel polarized light 
Es electromagnetic field of perpendicular polarized light 
Ebind binding energy 
Ekin kinetic energy 
ε Dielectric constant 
ε0 Permittivity of free space 
Fe electric force 
θ contact angle 
𝐼𝐶𝐻2/𝐼𝐶𝐻3  intensity of the valence vibration band 
J photon flux 
K term includes all the instrumental factors 
k adsorption factor or force constant 
λ wavelength or electron attenuation length 
μ dipole moment or reduced mass 
𝜈0 frequency of the electromagnetic wave 
?̅? wavenumber 
n number of methylene groups 
Q Charge 
ρ concentration of atom or ion in solid 
σ cross section for photoelectron production 
t time 
V Voltage 
φsample electron work function of the sample 
∆𝜙𝑠
𝑅𝑒𝑓 work function difference between reference and sample 
Wcap electric energy stored in the capacitor 
ω tip vibration frequency 
 
  
129 
 
List of Figures 
Figure 1.1: Schematic overview of the scientific approach followed in the present study. ...... 2 
Figure 2.1: General overview of solid corrosion products on pure zinc observed with different 
electrolyte under atmospheric conditions and long–time exposure. ....................................... 5 
Figure 2.2: Stability diagram of zinc corrosion products taken from Reference [21]. ............ 9 
Figure 2.3: Scheme of the corrosive reaction in 0.5 M NaCl and the formation of possible 
corrosion products [74–76]. ..................................................................................................... 10 
Figure 2.4:Schemtic of mono– and bi–dentate binding model developed in the literature [8; 
104; 110]................................................................................................................................... 19 
Figure 2.5: Schematic of the electrochemical reaction during the cathodic delamination 
process...................................................................................................................................... 21 
Figure 2.6: Scheme of the backside–SERS setup for the in–situ investigation of ion transport 
processes along the sample surface according to Reference [159] ........................................ 23 
Figure 3.1: Schematic of the Rayleigh and Raman scattering process [160]. .......................... 25 
Figure 3.2: Schematic drawing of IRRA spectroscopy as a function of the polarization state 
taken from Reference [164]. .................................................................................................... 28 
Figure 3.3: Schematic of IRRA spectroscopy taken from Reference [164]. ............................. 28 
Figure 3.4: Reflection curve of p–polarized light as a function of the AOI taken from 
Reference [164]. ....................................................................................................................... 29 
Figure 3.5: Schematic of the Kelvin probe setup [152; 170]. ................................................... 31 
Figure 3.6: Scheme of the bulk band structure of the passive oxides of zinc, Zn2Mg, 
magnesium and aluminum. Valence band position EV and conduction band position EC are 
indicated with a solid line. Fermi levels EF are indicated with dotted line. The positions of the 
bands in the electronic structure were taken from reference [60]. For the positions of the 
conduction bandedge of aluminum, Kelvin Probe measurements of Özkanat et al. [172] were 
used and the band gaps of the passive layer were taken from Reference [173], thus providing 
the position of the valence band. The valence band position of Zn2Mg and aluminum is 
indicated by a dotted line. ....................................................................................................... 32 
Figure 3.7: Potential–time curve at the working electrode in the cyclic voltammetry [174]. . 33 
Figure 3.8: Schematic setup of scanning Kelvin probe force microscopy (SKPFM) [177]. ....... 34 
Figure 3.9: Schematic setup of atomic force microscopy in contact mode. ............................ 37 
Figure 3.10: Contact angle between liquid drop and solid surface. ........................................ 38 
List of Figures 
 
 
130 
 
Figure 4.1: Scheme of the applied Raman spectroscopic setup for the in–situ investigation of 
corrosion processes. ................................................................................................................. 41 
Figure 4.2: SEM analysis of hot–dipped galvanized steel surface, SEM parameters: WD = 4.9 
mm and EHT = 20.0 kV, (A) Mag = 100x, Detector = SE 2, (B, C) Mag = 1kx and (D, E) Mag = 
10kx, (A, C) Detector = SE 2 and (C, E) InLens. ......................................................................... 42 
Figure 4.3: SEM image 70° tilted and EBSD grain orientation mapping, red frame area of 
EBSD image and the inverse pole figure. ................................................................................. 43 
Figure 4.4: SEM analysis (top) and EDX mappings of local Al, O, Zn and C content of hot–
dipped galvanized steel surface. SEM parameters: Mag = 1kx, WD = 4.8 mm, Detector = SE 2, 
EHT = 20.0 kV. ........................................................................................................................... 45 
Figure 4.5: SEM analysis and EDX analysis of hot–dipped galvanized steel surface, SEM 
parameters: Mag = 8kx, WD = 4.8 mm, Detector = SE 2, EHT = 20.0 kV.................................. 46 
Figure 4.6: AFM (A, C) and SKFPM (B, D) images of a grain, first row (A, B) 80 nm by 80 nm 
scan area, second row 30 nm by 30 nm scan area, closer view in the area marked with the 
red frame, topography (A, C) and potential (B, D). .................................................................. 48 
Figure 4.7: First row: microscopic picture. Second row: AFM (left) and SKFPM (right) image of 
a grain boundary, topography (left) and potential (right). Last row: SEM analysis (left) and 
EDX mappings of Al and O content at the before measured SKPFM area. SEM parameters: 
Mag = 1kx, WD = 4.8 mm, Detector = SE 2, EHT = 20.0 kV. ..................................................... 49 
Figure 4.8: (A, C, E and G): Microscopic images of the zinc surface at 0, 20, 40 and 60 min 
related to the exposure to 0.05 M NaCl at pH 7. (B, D, F and H): Raman images  at 430 cm–1. 
(A and B): 0 min; (C and D): 20 min; (E and F): 40 min; (G and H): 60 min. ............................. 50 
Figure 4.9: Left: Open circuit potential of the zinc surface measured during the experiment. 
Right: Comparison of the Raman spectra of the zinc surface at 0, 30 and 60 min related to 
the exposure to 0.05 M NaCl at pH7. ....................................................................................... 51 
Figure 4.10: Microscopic images of the zinc surface at 0, 20, 40, 60, 80 and 100 min related 
to the exposure to 0.05 M NaCl and 0.5 ml/min flow at pH 7.  : measurement points of the 
Raman spectra. ......................................................................................................................... 52 
Figure 4.11: Top: Open circuit potential measured during the experiment. Raman spectra at 
0, 20, 40, 60, 80 and 100 min related to the exposure to 0.05 M NaCl and 0.5 ml/min flow at 
pH 7. ......................................................................................................................................... 53 
Figure 4.12: Microscopic images of the zinc surface at 0, 20, 40, 60, 80 and 100 min related 
to the exposure to 0.05 M NaCl and 0.5 ml/min flow at pH 3.  : measurement points of the 
Raman spectra. ......................................................................................................................... 54 
Figure 4.13: Top: Open circuit potential measured during the experiment. Raman spectra at 
0, 20, 40, 60, 80 and 100 min related to the exposure to 0.05 M NaCl and 0.5 ml/min flow at 
pH 3. ......................................................................................................................................... 55 
List of Figures 
 
 
131 
 
Figure 4.14: Microscopic images at 0, 20, 40, 60, 80 and 100 min related to the exposure to 
0.05 M NaCl and 0.5 ml/min flow at pH 11.  : measurement points of the Raman spectra. .. 56 
Figure 4.15: Top: Open circuit potential measured during the experiment. Raman spectra at 
0, 20, 40, 60, 80 and 100 min related to the exposure to 0.05 M NaCl and 0.5 ml/min flow at 
pH 11. ....................................................................................................................................... 57 
Figure 5.1: Top: SEM analysis of zinc magnesium aluminum coated steel surface. SEM 
parameters: Mag = 5kx, WD = 9 mm, Detector = InLens, EHT = 8.0 kV. Bottom: SEM analysis 
of zinc magnesium aluminum coated steel surface, SEM parameters: Mag = 20kx, WD = 9 
mm, Detector = InLens, EHT = 10.0 kV. .................................................................................... 61 
Figure 5.2: First row: SEM analysis (left) and EDX mappings of local Mg, O, Al and Zn content 
of hot–dipped galvanized steel surface. SEM parameters: Mag = 5kx, WD = 5 mm, Detector = 
SE 2, EHT = 20.0 kV. .................................................................................................................. 62 
Figure 5.3: Microscopic images of Zn–Mg–Al alloy coated steel at 0, 30, 60, 90, 120 and 150 
min related to the exposure to 0.05 M NaCl at pH7. ............................................................... 63 
Figure 5.4:Left: Open circuit potential of the zinc magnesium surface measured during the 
experiment. Right: Comparison of the Raman spectra of the zinc magnesium surface at 0, 30, 
60, 90, 120 and 150 min related to the exposure to 0.05 M NaCl at pH7. .............................. 64 
Figure 5.5: Microscopic images at 0, 40, 80 and 120 min related to the exposure to 0.05 M 
NaCl and 0.5 ml/min flow at pH 3.  : measurement points of the Raman spectra. ................. 65 
Figure 5.6: Top: Open circuit potential taken during the experiment. Raman spectra at 0, 40, 
80 and 120 min related to the exposure to 0.05 M NaCl and 0.5 ml/min flow at pH 3. ......... 66 
Figure 5.7: Microscopic images at 0, 40, 80 and 120 min related to the exposure to 0.05 M 
NaCl and 0.5 ml/min flow at pH 7.  : measurement points of the Raman spectra. ................. 67 
Figure 5.8: Top: Open circuit potential taken during the experiment. Raman spectra at 0, 40, 
80 and 120 min related to the exposure to 0.05 M NaCl and 0.5 ml/min flow at pH 7. ......... 68 
Figure 5.9: Microscopic images at 0, 40, 80 and 120 min related to the exposure to 0.05 M 
NaCl and 0.5 ml/min flow at pH 11.  : measurement points of the Raman spectra. ............... 69 
Figure 5.10: Top: Open circuit potential taken during the experiment. Raman spectra at 0, 
40, 80 and 120 min related to the exposure to 0.05 M NaCl and 0.5 ml/min flow at pH 11. . 70 
Figure 6.1: SEM analysis (top, left) and EDX mappings of the cross section prepared by FIB of 
zinc coated steel substrate. EDX mappings of local C, O, Al, Fe and Zn content. .................... 74 
Figure 6.2: SEM analysis (top, left) and EDX mappings of the cross section prepared by FIB of 
zinc magnesium coated steel substrate. EDX mappings of local C, O, Zn, Al, Mg and Fe 
content. .................................................................................................................................... 75 
List of Figures 
 
 
132 
 
Figure 6.3: Microsopic images of Zn–Al/ Fe interface at 0, 30,60, 90 and 120 min related to 
exposure to 0.05 M NaCl and 0.5 ml/min flow. Left column: microscopic images. Right 
column: Raman images at 430 cm–1......................................................................................... 76 
Figure 6.4: Left: Open circuit potential of the iron/zinc cut edge measured during the 
experiment. Right: Comparison of the Raman spectra of the zinc surface at 0, 30, 60, 90 and 
120 min related to the exposure to 0.05 M NaCl at pH7. ........................................................ 77 
Figure 6.5: Images of Zn–Mg–Al/Fe interface at 0, 30, 60 and 90 min related to exposure to 
0.05 M NaCl and 0.5 ml/min flow. Left column: Microscopic images. Right column: Raman 
images at 430 cm–1. .................................................................................................................. 78 
Figure 6.6: Left: Open circuit potential of the iron/zinc magnesium cut edge measured during 
the experiment. Right: Comparison of the Raman spectra of the zinc surface at 0, 30, 60 and 
90 min related to the exposure to 0.05 M NaCl at pH7. .......................................................... 79 
Figure 7.1: XPS survey spectra of polished (A), Ar/H2 plasma (B) and Ar/H2 + O2 plasma 
treated Zn–Mg–Al surfaces. ..................................................................................................... 83 
Figure 7.2: O1s detail spectra of (A) a polished Zn–Mg–Al alloy surface, (B) a 60 s Ar/H2 
plasma modified Zn–Mg–Al alloy surface and (C) a subsequent 60 s O2 plasma modified Zn–
Mg–Al alloy surface. ................................................................................................................. 85 
Figure 7.3: Atomic ratio of Al/Zn and Mg/Zn as a function of the surface condition. ............. 86 
Figure 7.4: ZnLMM detail spectra of (A) a polished Zn–Mg–Al alloy surface, (B) a 60 s Ar/H2 
plasma modified Zn–Mg–Al alloy surface and (C) a subsequent 60 s O2 plasma modified Zn–
Mg–Al alloy surface. ................................................................................................................. 88 
Figure 7.5: Cyclic voltammograms measured in borate buffer of a polished Zn–Mg–Al alloy 
surface (A), after 60 s Ar/H2 plasma modification (B) and after subsequent 60 s O2 plasma 
modification (C). ....................................................................................................................... 89 
Figure 7.6: Comparison of the last cyclic voltammogram measured in borate buffer of a 
polished Zn–Mg–Al alloy surface (solid line), after 60 s Ar/H2 plasma modification (dotted 
line) and after subsequent 60 s O2 plasma modification (dashed line). .................................. 90 
Figure 7.7: A and B: PM–IRRAS of Zn–Mg–Al alloy polished and after plasma modifications 
immersed in 10−3 mol/l ODPA. All spectra are referenced to the surface spectra taken before 
ODPA adsorption. ..................................................................................................................... 92 
Figure 7.8: A, C and E: XPS P 2p detail spectra of Zn–Mg–Al alloy polished and after plasma 
modifications immersed in 10−3 mol/l ethanolic ODPA solution. B, D and F: XPS O 1 s spectra 
of samples pretreated as above and immersed in 10−3 mol/l ODPA. First row (A and B): 
samples were polished. Second row (C and D): samples were modified via Ar/H2 plasma. 
Third row (E and F): samples were treated in O2 plasma subsequently. ................................. 93 
Figure 7.9: Water contact angle of polished and plasma treated Zn–Mg–Al alloy coated with 
ODPA versus the number of immersion cycles in water. The samples were immersed in 
List of Figures 
 
 
133 
 
water for 10 min in each case and afterwards dried in a stream of nitrogen. The 
measurements were accomplished with three different states of the alloy surface: the 
polished surface (circle), the Ar/H2 plasma treated surface (diamond) and the subsequently 
O2 plasma treated surface (cross). ........................................................................................... 97 
Figure 7.10: Cyclic voltammograms measured in borate buffer of ODPA monolayer covered 
samples; a polished Zn–Mg–Al alloy surface (A), after 60 s Ar/H2 plasma modification (B) and 
after subsequent 60 s O2 plasma modification (C). ................................................................. 98 
Figure 7.11: Comparison of the fourth cyclic voltammogram measured in borate buffer of 
ODPA monolayer covered samples; a polished Zn–Mg–Al alloy surface (solid line), after 60 s 
Ar/H2 plasma modification (dotted line) and after subsequent 60 s O2 plasma modification 
(dashed line). ............................................................................................................................ 99 
Figure 8.1: XPS O1s detail spectra of (A) as–cleaned, (B) Ar plasma and (C) Ar/O2 plasma 
treated ZM surfaces. .............................................................................................................. 106 
Figure 8.2: Atomic ratio of Mg, Al and Zn to sum of metal concentration on the surface as a 
function of the surface condition. .......................................................................................... 107 
Figure 8.3: SKP potential profile of a Zn–Mg–Al sample half treated with a) Ar– and b) Ar/O2– 
plasma treated in dry atmosphere (< 10% r.h.) ..................................................................... 108 
Figure 8.4: FT–IRRA difference spectra of (A) solvent cleaned, (B) Ar plasma and (C) Ar/O2 
plasma treated ZM surfaces (the difference spectra has been calculated by taking as–cleaned 
(for A), Ar plasma treated (for B) and Ar/O2 (for C) plasma treated ZM surfaces as reference).
 ................................................................................................................................................ 109 
Figure 8.5: (A), (C) and (E): XPS C1s detail spectra of ZM as–cleaned and after plasma 
modifications. (B), (D) and (F): XPS C1s spectra of samples pretreated as above and 
immersed in 10–3 M aqueous APPA solution. First row ((A) and (B)): solvent cleaned 
samples. Second row ((C) and (D)): samples were Ar plasma treated. Third row ((E) and (F)): 
samples were activated via Ar/O2 plasma ............................................................................. 110 
Figure 8.6: (A), (C) and (E): XPS P2s detail spectra of ZM as–cleaned and after plasma 
modifications immersed in 10–3 M aqueous APPA solution. (B), (D) and (F): XPS N1s spectra of 
samples pretreated as above and immersed in 10–3 M APPA. First row ((A) and (B)): solvent 
cleaned samples. Second row ((C) and (D)): samples were Ar plasma treated. Third row ((E) 
and (F)): samples were activated via Ar/O2 plasma. .............................................................. 111 
Figure 8.7: Peel forces measured in humid atmosphere of the native and plasma treated 
surfaces with and without APPA layer coated with epoxy amine resin. ............................... 114 
  
134 
 
List of Tables 
Table 2.1: Composition of corrosion products on Zn, Zn–Mg, and Mg contaminated with 
chloride after exposure to humid air [17]. ................................................................................. 7 
Table 2.2: Corrosion products observed during in–situ corrosion experiments in chloride 
containing environment. .......................................................................................................... 12 
Table 2.3: Peak position and assignment to corrosion products observed during in–situ 
corrosion by Raman spectroscopy. .......................................................................................... 14 
Table 4.1: Composition of certain points measured with EDX and assigned in Figure 4.5. .... 46 
Table 7.1: Atomic composition (at%) as analyzed by XPS for a polished, Ar–plasma reduced 
and plasma oxidized Zn–Mg–Al alloy. ...................................................................................... 84 
Table 7.2: Atomic composition (at%) of ODPA covered samples analyzed by XPS. ................ 95 
Table 8.1: Atomic composition (at%) as analyzed by XPS at 60° for native, Ar plasma and 
Ar/O2 plasma treated ZM surfaces. ........................................................................................ 105 
Table 8.2: Atomic composition (at.%) of APPA covered samples analyzed by XPS. .............. 112 
  
135 
 
List of Publications 
[1] B. Lange, R. Posner, K. Pohl, C. Thierfelder, G. Grundmeier, S. Blankenburg and W.G. 
Schmidt; Water adsorption on hydrogenated Si(111) surfaces, Surface Science 603 (2009) 
60–64. 
[2] O. Ozcan, K. Pohl, P. Keil, G. Grundmeier; Effect of hydrogen and oxygen plasma 
treatments on the electrical and electrochemical properties of zinc oxide nanorod films on 
zinc substrates, Electrochemistry Communications 13 (2011) 837–839. 
[3] P. Lammel, L.D. Rafailovic, M. Kolb, K. Pohl, A.H. Whitehead, G. Grundmeier, B. Gollas; 
Analysis of rain erosion behaviour of electroplated nickel–tungsten alloys, Surface & 
Coatings Technology 206 (2012) 2545–2551. 
[4] O. Ozcan, K. Pohl, B. Ozkaya, G. Grundmeier; Molecular studies of adhesion and de–
adhesion on ZnO nanorod film covered metals, The Journal of Adhesion 89 (2013) 128–139. 
[5] K. Pohl, J. Otte, P. Thissen, M. Giza, M. Maxisch, B. Schuhmacher, G. Grundmeier; 
Adsorption, Self–Assembly Stability of Organophosphonic Acid Monolayers on Plasma 
Modified Zn–Mg–Al Alloy Surfaces, Surface & Coatings Technology (2013), DOI 
10.1016/j.surfcoat.2012.12.035 
[6] P. Taheri, K. Pohl, G. Grundmeier, J.R. Flores, F. Hannour, J.H.W. de Wit, J.M.C. Mol, H. 
Terryn; Effects of surface treatment and carboxylic acid and anhydride molecular dipole 
moments on the Volta potential values of zinc surfaces, The Journal of Physical Chemistry C 
117 (2013) 1712–1721. 
[7] K. Pohl, O. Ozcan, M. Giza, B. Schuhmacher, G. Grundmeier; Surface chemistry and 
adhesive properties of plasma modified ZnMgAl – alloy coatings, submitted to International 
Journal of Adhesion and Adhesive. 
[8] O. Ozcan, K. Pohl, G. Grundmeier; Corrosion protection of hot–dipped galvanised steel by 
means of ZnO nanorod films, submitted to Corrosion Science. 
[9] O. Ozcan, K. Pohl, C. Müller, G. Grundmeier; Synthesis and characterization of ZnO 
nanostructures on hot–dipped galvanized steel, submitted to Thin Film Solids. 
[10] K. Pohl, M. Voigt, G. Grundmeier; Corrosion resistance and adhesion properties of 
chemically etched ZnMgAl alloy, Corrosion Science, in preparation 
 
Oral presentations 
 
K. Pohl, M. Santa, R. Posner, M. Giza, G. Grundmeier, ECASIA 2010 – 04.–9.09.2011 Cardiff, 
Wales, UK 
K. Pohl, O. Ozcan, G. Grundmeier, MRS Fall 2011 – 28.11.–02.12.2011 Boston, MA, USA 
List of Publications 
 
 
136 
 
K. Pohl, T. Niendorf, O. Ozcan, G. Grundmeier, Gordon Research Seminar for Aqueous 
Corrosion 2012 07.–08.07.2012, New London, NH, USA (invited talk) 
K. Pohl, O. Ozcan, M. Giza, G. Grundmeier, EUROCORR 2012 – 09.–13.09.2012, Istanbul, 
Turkey 
K. Pohl, O. Ozcan, M. Giza, G. Grundmeier, Electrochemistry 2012 – 17.–19.09.2012 Munich, 
Germany  
 
Poster presentations 
 
K. Pohl, M. Santa, R. Posner, G. Grundmeier, Gordon Research Seminar for Aqueous 
Corrosion 2010 24.–25.07.2010, New London, NH, USA  
K. Pohl, M. Santa, R. Posner, G. Grundmeier, Gordon Research Conference for Aqueous 
Corrosion 2010 25.–30.07.2010, New London, NH, USA  
K. Pohl, T. Niendorf, O. Ozcan, G. Grundmeier, Gordon Research Conference for Aqueous 
Corrosion 2012 08.–13.07.2012, New London, NH, USA 
 
  
137 
 
Curriculum Vitae 
PERSONAL INFORMATION 
 
 Name: Katharina Pohl 
 Date of birth: August 15th, 1984 
 Place of birth: Nürtingen, Germany 
EDUCATION 
 
PhD studies 
06/2009 – present Universität Paderborn   
 PhD student in the Group of Prof. Guido Grundmeier in the Department for 
Technical and Macromolecular Chemistry 
 Start of PhD (06.2009 – 12.2010) at Max–Planck–Institut für Eisenforschung within 
Christian Doppler Labor für Polymer/Metall–Grenzfläche 
 
11/2008 – 05/2009 Cooperation: Zentrum für Brennstoffzellentechnik, Duisburg, 
Germany and Heinrich–Heine–Universität Düsseldorf 
 Diplom thesis: Degradation analysis of proton exchange membrane fuel cell 
 
University 
10/2004 – 05/2009 Heinrich–Heine–Universität Düsseldorf   
 Diploma degree in chemistry 
 
School 
2004 Humboldtgymnasium, Solingen  
 Abitur 
ADDITIONAL WORK EXPERIENCE 
  
11/2008 – 04/2009 Heinrich–Heine Universität, Düsseldorf, Germany 
04/2008 – 09/2008 Max– Planck–Institut für Eisenforschung, Düsseldorf, 
Germany 
01/2008 – 03/2008 Zentrum für Brennstoffzellentechnik, Duisburg, Germany 
11/2007 – 12/2007 Heinrich–Heine Universität, Düsseldorf, Germany 
03/2006 – 09/2007 Max– Planck–Institut für Eisenforschung, Düsseldorf, 
Germany 
 
